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GENERAL  DISCUSSION 

This  final  report  is  submitted  to  the  Vacuum  Electronics  Branch,  Electronics 
Science  and  Technology  Division  at  the  Naval  Research  Laboratory  in  order  to  summarize 
the  research  conducted  by  SAIC  under  Contract  No.  N00014-88-C-2173.  The  general 
scope  of  the  work  performed  under  this  contract  was  quite  broad  and  included  both 
theoretical  and  experimental  work  related  to  the  general  problem  of  microwave  and 
millimeter  wave  sources.  The  principal  concepts  which  were  of  interest  at  the  outset  of  the 
contract  were  the  Two-Stream-Amplifier  and  the  Cerenkov  Maser.  However,  general 
theory  and  simulation  of  the  Ubitron/Free-Electron  Laser  was  also  performed  along  with 
specific  theoretical  support  for  the  Ubitron  development  program  in  the  Vacuum  Electronics 
Branch.  In  addition,  a  great  deal  of  interest  developed  in  the  application  of  Field-Emission 
Arrays  to  RF  source  technology,  and  the  experimental  phase  of  the  program  shifted  to 
encompass  testing,  design,  and  evaluation  of  several  different  approaches  of  this 
technology.  The  remainder  of  this  report  is  devoted  to  a  specific  discussion  of  each  phase 
of  the  program. 
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Fig.  1  Schematic  illustration  of  a  Two-Stream- Amplifier. 
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The  Two-Stream  Amplifier  (TSA)  concept  originated  with  Pierce  and  Hebenstreit1 
and  Haeff2  who  proposed  the  application  of  the  electron-electron  two-stream  instability  as  a 
coherent  source  of  microwaves.  The  fundamental  configuration  involved  the  propagation  of 
two  concentric,  annular  electron  beams  at  different  propagating  through  a  waveguide.  A 
schematic  illustration  of  a  TSA  is  shown  in  Fig.  1,  which  shows  (1)  the  multiple  cathodes 
necessary  for  the  production  of  two  concentric  beams  at  different  voltages,  (2)  the  input 
and  output  coupling  regions,  (3)  the  drift  space/interaction  region  between  the  input  and 
output  couplers,  and  (4)  the  collector.  The  research  conducted  on  the  TSA  under  this 
program  included  several  different  aspects.  Due  to  the  long  hiatus  between  the  initial  work 
on  this  concept  and  the  present  program,  the  initial  study  was  devoted  to  a  detailed 
investigation  of  the  prior  research  including  the  analysis  of  the  original  laboratory 
notebooks  detailing  the  work  by  Haeff  at  the  Naval  Research  Laboratory.  Analysis  of  these 
notebooks  showed  that  Haeff  and  his  coworkers  had  difficulty  in  achieving  high 
efficiencies  by  this  approach.  The  subsequent  research  conducted  under  this  contract 
included  a  detailed  analysis  of  the  linear  dispersion  equation  in  three-dimensions  for  this 
device  and  the  associated  gain,  as  well  as  a  one-dimensional  particle -in-cell  simulation  to 
,  determine  the  behavior  of  the  nonlinear  saturation  with  the  relevant  beam  parameters.  The 

research  was  summarized  in  a  paper  published  in  the  IEEE  Transactions  on  Electron 
Devices3  and  which  is  reproduced  in  Appendix  I. 

The  general  conclusion  reached  regarding  the  TSA  is  that  it  is  an  inherendy  high 
gain  but  low  efficiency  device.  It  presents  no  unambiguous  advantages  over  conventional 
devices  such  as  the  helix  TWT.  The  TSA  is  also  a  broad  band  device;  however,  the 

*  bandwidth  of  the  configuration  chosen  ultimately  depends  upon  the  intrinsic  bandwidth  of 
the  output  stage  -  which  is  typically  chosen  to  be  a  helix.  Thus,  there  seems  to  be  no 
advantage  to  be  gained  by  the  TSA  over  the  helix  TWT  in  regard  to  bandwidth  as  well. 
Although  the  high  gain  in  the  TSA  confers  the  advantage  of  being  relatively  less  sensitive  to 
beam  thermal  effects,  the  crucial  limitation  in  this  regard  occurs  due  to  the  thermal  spread  of 
the  bunched  electron  beams.  This  thermal  spread  was  found  in  simulation  to  be  comparable 

*  to  the  voltage  separation  between  the  beams,  which  is  relatively  large.  As  a  consequence, 
the  interaction  will  ultimately  produce  a  bunched  beam  with  a  large  velocity  spread  which 
will  seriously  degrade  the  performance  of  the  output  coupler.  Hence,  our  final  conclusion 
was  that  the  TSA  offers  no  marked  advantages  over  that  of  conventional  TWT  technology. 

The  Cerenkov  Maser  has  been  demonstrated  over  a  broad  spectral  range  and 
>  operates  by  means  of  an  interaction  between  an  energetic  electron  beam  and  a  subluminous 

(or  slow)  electromagnetic  wave.  Wave-particle  resonance  occurs  when  the  wave  phase  and 
particle  velocities  are  in  synchronism.  While  Orotrons  and  Backward  Wave  Oscillators 
succeed  in  slowing  the  electromagnetic  wave  to  subluminous  velocities  by  means  of  a 
grating  or  a  ripple  imposed  onto  the  waveguide  walls,  the  Cerenkov  Maser  achieves  this 
effect  by  means  of  a  dielectric  liner.  Cerenkov  Masers  have  been  built  and  operated  at  100 
i  kW  power  levels  at  1  mm  wavelengths4"7,  at  200  MW  power  levels  at  8  cm  wavelengths,7 

as  well  as  wavelengths  as  short  as  in  the  far-infrared  at  100  )im.8 

An  exciting  recent  experiment  on  the  Cerenkov  Maser  was  conducted  at  General 
Dynamics9  which  employed  an  intense  relativistic  electron  beam  [788  keV  and  3.1  kA] 
produced  by  a  cold  "knife-edge"  cathode  which  resulted  in  an  annular  beam  with  a  mean 
1  radius  of  approximately  1 .15  cm  and  a  thickness  of  2  mm.  After  correction  for  the  space- 

charge  depression,  therefore,  the  beam  energy  is  of  the  order  of  736  keV.  No  diagnostic 
measurement  of  the  beam  quality  (i.e.,  thermal  energy  spread)  was  made.  The  dielectric- 
lined  waveguide  employed  Stycast  (e  =  10)  and  had  a  radius  Rg  =  1.74  cm  and  Rd  =  1.47 
cm.  The  dielectric  had  a  3.3  cm  taper  at  both  ends  to  suppress  oscillation,  and  a  uniform 
central  region  which  was  23.9  cm  in  length.  Beam  transport  was  accomplished  with  a  15 


> 
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kG  solenoidal  magnetic  field.  The  amplifier  was  driven  by  a  200  kW  magnetron  which  was 
tunable  over  the  band  from  8.4-9.6  GHz.  The  mode  conversion  process  from  the  TEio 
rectangular  mode  of  the  magnetron  to  the  TMoi  mode  of  the  dielectric-lined  waveguide  was 
accomplished  at  an  expected  efficiency  of  50%  at  a  frequency  of  8.6  GHz  for  a  total 
injected  power  of  approximately  100  kW.  Note  that  at  these  frequencies  it  is  only  the  TMoi 
mode  which  can  interact  with  the  beam.  A  total  gain  of  34.5  dB  [1.44  dB/cm  over  the 
uniform  dielectric]  was  observed  at  a  power  level  of  approximately  280  MW  [for  an 
efficiency  of  1 1.5%],  with  an  uncertainty  of  approximately  3  dB. 

The  research  that  was  conducted  under  the  present  contract  in  regard  to  the 
Cerenkov  Maser  dealt  with  the  development  of  a  nonlinear  slow- time -scale  analysis  and 
simulation  of  the  device  in  a  cylindrical  geometry.  The  analysis  and  simulation  code 
developed  under  this  contract  was  described  in  a  publication  in  the  Physics  of  Fluids10  [see 
Appendix  IT].  The  analysis  dealt  with  the  interaction  of  an  electron  beam  with  the  TMo« 
modes  of  a  dielectric-lined  cylindrical  waveguide,  and  included  both  multi-mode  effects  and 
the  effects  of  a  beam  thermal  spread  on  the  interaction.  The  simulation  code  developed  was 
benchmarked  against  experiments  conducted  at  Dartmouth  College,6  and  good  agreement 
was  found  between  the  experimental  observations  and  the  results  of  the  simulation. 
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Fig.  2  Graph  of  the  evolution  of  the  power  (solid  line)  and  gain  (dashed  line)  with  axial  distance. 


The  simulation  was  also  benchmarked  against  the  aforementioned  high-power 
experiment  conducted  at  General  Dynamics,11  and  good  agreement  was  found  between  the 
simulation  and  this  experiment  as  well  [see  Appendix  III].  The  simulation  shows  that  the 
power  has  not  saturated  over  the  23.9  cm  length  of  the  uniform  dielectric.  As  a  result,  the 
power  predicted  in  simulation  over  this  length  shows  a  substantial  sensitivity  to  the  specific 


choice  of  any  parameter  which  will  modify  the  linear  gain.  In  particular,  the  simulation 
exhibits  a  large  sensitivity  to  the  choice  of  the  thickness  of  the  dielectric  than  to  any  of  the 
electron  beam  parameters.  For  example,  given  the  choice  of  R*  =  1.47  cm,  the  simulation 
predicts  a  power  level  of  approximately  60  MW  over  the  23.9  cm  length  of  the  uniform 
dielectric.  However,  there  is  an  uncertainty  in  the  thickness  of  the  dielectric  which  is  of  the 
order  of  ±0.005  cm,  and  arises  due  to  the  fabrication  of  the  liner.  In  this  regard,  Stycast 
(which  is  a  cold-pressed  ceramic)  must  be  machined  to  fit  within  the  waveguide.9  If  we 
choose  a  value  of  R d  =  1.475  era  corresponding  to  a  thinner  dielectric,  then  the  power 
found  in  simulation  over  this  length  rises  to  approximately  131  MW,  which  is  within  the 
uncertainty  in  the  experimental  measurement  of  the  power.  This  sensitivity  to  the 
parameters  is  largely  confined  to  the  linear  gain  and  results  from  a  variation  in  the  dielectric 
effect  of  the  liner  which  modifies  the  tuning  of  the  resonance  within  the  gain  band.  The 
saturated  power  is  not  substantially  altered  by  variations  in  Rd  over  this  range,  and  we  find 
that  the  saturated  power  rises  from  approximately  600  MW  to  620  MW  as  the  inner  radius 
of  the  dielectric  changes  from  1.47  cm  to  1.475  cm.  Since  the  larger  figure  for  Rj  is  in 
better  agreement  with  the  observations  and  is  within  the  range  of  experimental  uncertainty, 
we  shall  use  this  value  henceforth  in  the  numerical  analysis  of  the  experiment. 
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Fig.  3  Graph  of  the  variation  of  the  saturation  efficiency  versus  axial  energy  spread. 


The  gain  band  is  found  in  simulation  to  cover  the  range  of  approximately  7. 8-8. 8 
GHz,  and  the  efficiency  at  saturation  for  an  ideal  beam  [i.e.,  Ayt  -  0]  increases  from 
16.4%  at  7.8  GHz  to  approximately  30.3%  at  8.8  GHz.  A  graph  of  the  evolution  of  the 
power  and  gain  versus  axial  distance  is  shown  in  Fig.  2  for  an  ideal  beam  at  a  frequency  of 
8.6  GHz.  Observe  that  the  power  saturates  after  a  length  of  approximately  28  cm  at  a  level 
of  620  MW  for  an  efficiency  of  31.6%.  The  average  gain  over  this  interaction  is  in  the 
neighborhood  of  1.4  -  1.6  dB/cm  which  is  also  in  reasonable  agreement  with  the 


observations.  It  should  be  remarked  that  the  fluctuation  evident  in  the  gain  is  related  to  the 
launching  loss  of  the  signal,  which  introduces  a  fluctuation  in  the  response  of  the  beam  to 
the  wave.  In  most  systems  this  fluctuation  is  observed  to  decay  away  leaving  a  relatively 
constant  growth  rate.  However,  the  growth  rate  is  so  large  in  the  present  example  that  these 
fluctuations  are  unable  to  completely  decay  prior  to  the  saturation  of  the  signal.  These 
fluctuations  are  also  manifested  in  the  evolution  of  the  power,  but  are  not  visible  when 
plotted  on  a  logarithmic  scale.  As  mentioned  previously,  the  power  level  reached  after  23.9 
cm  is  approximately  131  MW,  which  is  consistent  with  the  observations  given  the 
experimental  uncertainty.  It  is  evident  that  the  experiment  was  too  short  to  reach  saturation. 

The  effect  of  beam  thermal  spread  is  shown  in  Fig.  3  in  which  the  efficiency  is 
plotted  as  a  function  of  the  energy  spread  at  8.6  GHz.  It  is  clear  from  the  figure  that  the 
interaction  is  remarkably  insensitive  to  the  beam  thermal  spread,  and  the  saturation 
efficiency  is  not  significantly  degraded  by  energy  spreads  as  high  as  20-25%.  In  order  to 
explain  such  a  high  tolerance  for  energy  spreads,  it  should  be  noted  that  the  thermal  regime 
occurs  at  progressively  higher  energy  spreads  as  the  growth  rate  increases  for  any 
interaction  mechanism  whether  Cerenkov  Maser,  Free-Electron  Laser,  or  Cyclotron  Maser. 
Since  this  mechanism  relies  on  the  Cerenkov  resonance  in  which  (D-kvb~0,  thermal 
effects  become  important  when  dvj/v^  =  Im  jfe/Re  k.  In  this  case,  the  growth  rate  due  to  the 
intense  beam  is  extremely  high  with  Im  k  =  0.18  cm-1.  Since  Re  k  *  2.35  cm-1,  this  gives 
dvi/vb  *  7.5%  which  corresponds  to  an  axial  energy  spread  of  Ayjys  *  24%. 

In  view  of  the  power  levels  found  both  in  the  laboratory  and  in  simulation,  the 
simplicity  of  the  configuration,  and  the  relative  insensitivity  to  beam  thermal  effects  in  the 
case  of  intense  relativistic  electron  beams,  the  Cerenkov  Maser  is  an  attractive  competitor 
for  Gyrotrons,  Free-Electron  Lasers,  and  Relativistic  Klystrons  for  a  wide  variety  of 
applications.  In  particular,  the  potentiality  of  producing  single  mode  powers  in  excess  of 
700  MW  at  frequencies  in  the  neighborhood  of  9  GHz  compares  favorably  with  recent 
results  obtained  with  Relativistic  Klystrons;12'13  however,  unlike  the  Relativistic  Klystron, 
the  Cerenkov  Maser  is  easily  scalable  to  higher  frequencies.  Indeed,  it  is  anticipated  that  the 
level  of  performance  demonstrated  herein  at  8.6  GHz  can  be  achieved  at  frequencies  as 
high  as  35  GHz  as  well.  It  should  be  remarked  that  Cerenkov  Masers  based  upon  dielectric 
liners  can  exhibit  both  dielectric  and  mechanical  breakdown  at  high  power  levels,  and  that 
these  effects  may  have  operated  to  limit  the  power  and/or  pulse  length  in  the  experiment  at 
General  Dynamics.  However,  this  configuration  represents  only  one  approach  to  the 
interaction,  and  other  slow  wave  structures  may  be  used  to  overcome  these  difficulties.  In 
general,  this  device  falls  into  the  category  of  relativistic  intense-beam  Traveling  Wave 
Tubes  (TWT's),  and  similar  levels  of  performance  have  been  obtained  using  a  rippled  wall 
slow-wave  structure  in  both  Backward  Wave  Oscillators14  and  TWT  amplifiers.13' 

The  research  conducted  into  the  Ubitron/Free-Electron  Laser  encompassed  both 
general  issues  and  specific  support  for  the  experimental  Ubitron  development  program  The 
theoretical  program  conducted  by  SAIC  under  contract  to  and  in  collaboration  with 
researchers  at  the  Naval  Research  Laboratory  includes  the  development  of  nonlinear  slow- 
time-scale  formulations  of  the  Ubitron  in  two  principal  configurations.  The  first  nonlinear 
analysis  and  simulation  code  was  developed  to  treat  the  case  of  a  relativistic  electron  beam 
propagating  through  a  cylindrical  waveguide  in  the  presence  of  a  helically  symmetric 
wiggler  and  an  axial  guide  magnetic  field.16  21  In  the  second  configuration,  the  electron 
beam  propagates  through  a  rectangular  waveguide  in  the  presence  of  a  planar  wiggler 
field.22-24  We  shall  divide  the  discussion  of  the  Ubitron/Free-Electron  Laser  research  into 
two  groups  based  upon  these  two  configurations. 

The  basic  analysis  and  code  development  for  the  helical  wiggler  configurations 
[code  named  ARACHNE]  had  been  developed  under  prior  contracts,  and  the  work 


conducted  on  this  configuration  under  the  present  contract  was  primarily,  but  not 
exclusively,  devoted  to  the  use  of  the  codes  to  interpret  and  optimize  experiments.  The  first 
experimental  comparison  which  we  shall  discuss  involves  an  invitation  from  D.  Kirkpatrick 
and  G.  Bekefi  from  the  Massachusetts  Institute  of  Technology  to  use  the  code  as  a 
benchmark  for  their  Free-Electron  Laser  experiment.  This  experiment  employed  an  electron 
beam  with  energies  and  currents  up  to  2.3  MeV  and  1  kA  in  conjunction  with  a  helical 
wiggler  field  and  a  cylindrical  waveguide.  Comparison  between  the  simuladon  code  and  the 
experimental  observations  of  the  output  spectrum  of  the  Free-Electron  Laser  were  quite 
good.  A  comparison  between  the  ARACHNE  code  and  the  spectral  measurements  from  the 
Free-Electron  Laser  are  shown  in  Fig.  4  in  which  the  solid  line  represents  the  spectrum 
obtained  from  the  simulation,  while  the  dots  represent  measurements.  As  shown  in  the 
figure,  the  comparison  between  theory  and  experiment  for  the  center  and  width  of  the 
spectrum  are  in  excellent  agreement.  This  work  resulted  in  a  joint  publication  in  the  Physics 
of  Fluids25  [see  Appendix  IVj. 
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Fig.  4  Comparison  between  the  ARACHNE  code  and  the  M.I.T.  experiment. 


Another  application  of  the  ARACHNE  simulation  was  to  the  study  of  a  high 
efficiency  negative-mass  operating  regime  identified  in  a  preceding  paper.16  This  regime 
exists  for  a  helical  wiggler/axial  guide  field  configuration  in  the  strong  guide  field  limit  in 
which  Qq  >  vb,  where  42o  denotes  the  cyclotron  frequency  corresponding  to  the  axial 
guide  field,  yis  the  relativistic  factor  corresponding  to  the  beam  energy,  kw  is  the  wiggler 
wavenumber,  and  v*,  is  the  bulk  streaming  velocity  of  the  beam.  In  this  regime,  the 
electrons  can  be  accelerated  as  they  lose  energy  to  the  wave  [the  energy  for  this  acceleration 
as  well  as  the  wave  amplification  comes  from  the  transverse  motion  of  the  electrons); 
hence,  the  nomenclature  of  negative-mass.  The  characteristics  of  this  regime  can  be  ultra- 
high  efficiency,  and  a  total  efficiency  approaching  50%  of  the  electron  beam  energy  was 
found  for  an  example  discussed  in  ref.  16.  The  nature  of  the  electron  dynamics  associated 


with  this  negative-mass  regime  indicate  that  it  is  accessible  only  at  relatively  high  voltages, 
and  the  example  discussed  in  ref.  16  was  for  a  1  MeV  electron  beam.  In  order  to  determine 
the  low  voltage  extension  of  this  regime,  we  studied  the  variation  of  the  interaction 
efficiency  as  a  function  of  beam  voltage  using  the  ARACHNE  code.  This  work  was 
published  in  the  IEEE  Transactions  on  Plasma  Science20  [see  Appendix  V].  The  ultimate 
conclusion  of  this  study  was  that  the  high-efficiency  negative-mass  regime  appears  to  be 
accessible  down  to  voltages  in  the  range  of  400-500  keV;  but  that  operation  at  lower 
voltages  is  likely  to  be  impractical. 
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Fig.  5  Comparison  between  the  measured  wiggler  field  and  the  three-wiggler  model 
incorporated  into  ARACHNE. 


The  final  application  of  the  ARACHNE  code  under  the  present  contract  was  to  the 
ongoing  support  of  the  NRL  Ubitron  experiment26’28  [see  Appendices  VI-VII].  This 
experiment  utilizes  an  electron  beam  of  up  to  250  keV  and  100  A  in  conjunction  with  a 
helical  wiggler/axial  guide  magnetic  field.  The  principal  limiting  factor  in  the  theoretical 
description  of  the  experiment  was  in  the  description  of  the  wiggler  field.  The  reason  for  this 
stems  from  the  initial  design  specification  of  a  CW  bifilar  helix  which  was  wound  on  an 
aluminum  form.  Unfortunately,  there  was  insufficient  cooling  capacity  to  run  the  wiggler  in 
a  CW  mode,  and  it  was  run  in  a  pulsed  mode  instead.  This  caused  difficulties  due  to  the 
magnetic  permeability  of  the  aluminum  which  resulted  in  field  distortions.  In  order  to 
model  the  realistic  field,  we  resorted  to  an  empirical  fit  to  the  measured  field  which 
employed  a  model  field  based  upon  the  superposition  of  three  different  [i.e.,  in  period  and 
amplitude]  ideal  wiggler  fields  [see  ref.28]  A  comparison  of  the  measured  field  and  the 
three-wiggler  model  which  was  incorporated  into  ARACHNE  is  shown  in  Fig.  5  [see 
Appendix  VII].  The  use  of  this  field  model  was  found  to  result  in  reasonable  agreement 
between  ARACHNE  and  the  experimentally  measured  gain.  A  plot  of  the  gain  as  a  function 


of  frequency  is  shown  in  Fig.  6  as  determined  in  the  experiment  (dots)  and  by  means  of 
ARACHNE.  It  is  clear  that  good  agreement  is  found  between  the  simulation  and  the 
experiment,  and  that  this  three-wiggler  model  is  an  adequate  representation  of  the  actual 
wiggler  field. 


Fig.  6  Comparison  of  the  gain  as  a  function  of  frequency  between  the  experiment  and 
the  ARACHNE  code  utilizing  the  three-wiggler  model. 


The  analysis  and  simulation  of  the  planar  wiggler/rectangular  waveguide 
configuration  began  under  a  prior  contract.  The  initial  work  under  the  current  contract  dealt 
with  the  extension  of  the  initial  analysis22  to  the  inclusion  of  multiple  modes  in  the 
treatment24  [see  Appendix  IX].  This  analysis  was  benchmarked  against  the  Frce-Electron 
Laser  experiments  at  Lawrence  Livermore  National  Laboratory,  and  good  agreement  was 
found  between  the  simulation  code  and  the  experiment.29-30 

Research  into  a  combination  of  the  concepts  of  the  fast-wave  Ubitron  and  the  slow- 
wave  Cerenkov  has  also  been  performed  under  the  present  contract.  This  consisted  of  a 
slow-time-scale  analysis  of  a  slow-wave  Ubitron  in  which  a  geometry  consisting  of  a 
dielectric-lined  rectangular  waveguide  was  assumed  in  conjunction  with  a  planar  wiggler 
field.  A  schematic  illustration  of  this  geometry  is  shown  in  Fig.  7.  The  fundamental 
purpose  of  such  a  configuration  is  to  reduce  the  voltage  requirement  imposed  by  the  Free- 
Electron  Laser  resonance  condition  to  achieve  high  frequency  operation.  Thus,  we  intend  to 
slow  down  the  wave  rather  than  accelerate  the  electrons.  The  geometry  of  this  configuration 
places  the  dielectric  material  along  the  long  face  of  the  waveguide  which  is  parallel  to  the 
wiggler-induced  transverse  oscillation;  hence,  we  can  minimize  the  possibility  of  electrons 
striking  the  dielectric.  The  standard  TE  and  TM  modes  of  a  rectangular  waveguide  do  not 
exist  for  the  dielectric-lined  waveguide;  instead,  we  find  LSE  and  LSM  modes  which 


essentially  transverse  electric  and  magnetic  modes  with  respect  to  the  y-axis  shown  in  the 
figure.  The  development  of  the  nonlinear  analysis  and  simulation  will  be  published  in 
Nuclear  Instruments  and  Methods  in  Physics  Research31  [see  Appendix  X],  and  the  results 
indicate  that  this  method  of  reducing  the  voltage  requirement  for  operation  at  a  given 
frequency  is  indeed  feasible. 


Fig.  7  Schematic  illustration  of  the  dielectric -lined  rectangular  waveguide  used  in  the  slow- 
wave  Ubitron  analysis. 


The  remainder  of  the  work  on  Ubitrons/Free-Electron  Lasers  was  concerned  with 
harmonic  emission  in  planar  wiggler  configurations32’33  [see  Appendices  XI  and  XU], 
This  work  was  directed  toward  the  harmonic  experiment  conducted  in  the  Vacuum 
Electronics  Branch  by  Hans  Bluem.  The  analysis  and  simulation  in  this  case  employed  the 
multimode  slow-time  scale  simulation  code  (WIGGLIN)  described  previously,24  and  no 
further  modifications  were  required  in  order  to  treat  the  harmonic  interaction.  The  work 
described  in  Appendix  XI  dealt  with  general  aspects  of  harmonic  excitation  in  a  three- 
dimensional  planar  wiggler  field,  and  included  the  standard  odd  harmonic  emission  known 
to  exist  for  planar  wigglers.  In  addition,  however,  it  was  found  that  betatron  oscillations 
due  to  the  wiggler  inhomogenieties  can  couple  to  emission  at  the  even  harmonics,  and  this 
issue  was  discussed  in  depth  in  that  paper.  The  paper  in  Appendix  XII  dealt  with  more 
pragmatic  issues  in  the  design  of  the  experimental  apparatus,  and  the  expected  performance 
for  both  uniform  and  tapered  wiggler  configurations.  At  the  present  time,  this  experiment 
has  been  completed  with  good  results.  This  final  work  in  support  of  the  experiment, 
however,  was  conducted  on  another  contract 


Recognition  for  this  work  has  come  in  the  form  of  invited  talks  at  several  scientific 
conferences.  These  include  invited  papers  dealing  with  the  Ubitron/Free-Electron  Laser 
program  at  the  Naval  Research  Laboratory  which  were  presented  at  both  the  I  Oth 
International  Free-Electron  Laser  Conference  [Jerusalem,  Israel,  29  August  -  2  September 
1988]  and  the  International  Congress  on  Optical  Science  and  Engineering  [Paris,  France 
24-28  April  1989].  In  addition,  an  invited  paper  dealing  with  the  comparison  of  fast  and 
slow  wave  devices  was  presented  at  the  15th  International  Conference  on  Infrared  and 
Millimeter  Waves  [Orlando,  Florida,  10-14  December  1990]. 

We  now  turn  to  the  program  of  research  into  the  application  of  field-emission  arrays 
(FEAs)  to  RF  source  technology.  This  program  included  three  specific  aspects  of  the  use  of 
FEA  applications  which  include  both  theory  and  experiment  The  first  part  of  the  program 
involved  a  study  of  the  FEA  distributed  amplifier.  Under  this  part  of  the  program,  an 
analytic  theory  of  the  linear  gain  of  a  distributed  amplifier  was  developed,  and  a  computer 
code  written  to  evaluate  the  gain.  In  addition,  a  cold  test  of  the  circuit  was  conducted  The 
second  part  of  the  program  invloved  a  study  of  the  application  of  Spindt  cathodes  to  the 
production  of  RF  sources.  In  this  regard,  numerous  sample  cathodes  have  been  obtai  A 
and  tested.  In  particular,  a  life-test  of  three  samples  has  continued  since  31  January  1990. 
In  addition,  Spindt  cathodes  have  been  used  to  construct  FE  Triodes,  and  a  great  deal  of 
effort  has  been  devoted  to  determining  such  characteristics  of  the  cathodes  as: 
transconductance,  capacitance,  and  the  I-V  properties  of  the  cathodes.  Successful  operation 
of  four  such  triodes  has  been  accomplished  [three  structures  were  inadvertently  burned 
out],  and  properties  such  as  the  gain  versus  frequency  and  output  resistance  of  the  circuits 
have  been  measured.  Finally,  the  computer  code  TOUCHSTONE  has  been  used  to  model 
the  circuits.  The  third  aspect  of  the  program  has  been  the  testing  of  samples  provided  by  the 
Nano-Processing  Facility  (NPF)  of  the  Naval  Research  Laboratory  for  field  emission 
properties.  Thus  far,  no  field  emission  has  been  found  from  any  of  the  NPF  samples. 

The  lure  of  the  field  emission  array  is  that  the  vacuum  microelectronics  technology 
provides  a  means  to  fabricate  micron  size  devices  which  might  be  useful  for  the  production 
of  dense  arrays  of  field  emitters.  The  potentially  high  current  density  capability  of  these 
field  emitters  holds  promise  for  production  of  small  vacuum  electronic  devices  which  can 
compete  with  solid  state  technolgy.  The  field  emission  array  is  probably  the  most 
promising  and  definitely  the  most  explored  tool  of  this  technology.  It  is  a  type  of  electron 
source  that  can  be  used  as  a  cathode  in  vacuum  tubes,  or  can  be  the  basis  of  a  new 
generation  of  on-chip  integrable  microelectronic  devices.  A  comprehensive  account  of  this 
technology  can  be  found  in  the  report  of  Shoulders.34  The  concepts  described  therein  have 
become  practical  in  recent  years  due  to  the  advancement  in  microelectronic  processing 
technology.  A  description  of  the  current  state  of  the  art  of  solid  state  devices  was  prepared 
under  this  contract  and  distributed  throughout  the  Vacuum  Electronics  Branch  in  October 
1989  [see  Appendix  XIII],  in  order  to  provide  a  point  of  comparison  for  the  vacuum 
electronics  technology. 

The  utilization  of  solid-state  microfabrication  techniques  results  in  a  low  cost  per 
unit  of  these  devices.  The  elimination  of  short-lifetime  thermionic  emission  cathodes 
provides  a  secaond  major  advantage.  Thus,  this  technology  may  satisfy  the  need  for  low 
power,  compact,  temperature  insensitive,  and  radiation  hard  amplifiers  for  operation  at 
higher  frequencies  with  wider  bandwidth  that  are  currently  available  with  both  vacuum  and 
solid-state  devices. 

A  continuously  distributed  amplifier  uses  two  electrically  coupled  transmission  lines 
with  matched  phase  velocities.  A  detailed  description  of  its  linear  theory  can  be  found  in 
ref.  35  [see  Appendix  XIV],  and  Fig.  8  shows  the  basic  configuration  of  this  device.  In 
order  to  test  the  concept,  we  performed  some  cold  tests  of  such  structures  to  verify  the 


possibility  of  matching  the  phase  velocities  in  the  two  lines  with  dielectric  loading.  A 
correlation  of  these  experimental  results  with  a  full  wave  analysis- based  theory  has  been 
established36  [see  Appendix  XV].  A  small  signal  theory  of  a  field-emission  array  based 
continuously  distributed  amplifier  consisting  of  two  microstriplike  transmission  lines  has 
been  developed  to  calculate  the  premodulation  in  the  input  circuit  and  the  gain  in  the  output 
end.  The  beam  wave  coupling  is  treated  by  a  first  order  perturbation  analysis,  and  the 
circuit  parameters  were  derived  to  determine  the  parametric  range  for  operation  of  this 
device  for  a  fairly  high  frequency  range.  It  was  shown  that  the  height  of  the  circuit  should 
lie  in  the  range  of  80-120  pm.  The  loss  due  to  the  finite  conductivity  of  the  metal  walls  and 
the  stripline  in  the  circuit  is  very  high  if  the  height  is  less  than  80  pm,  whereas  the 
electronic  gain  is  low  if  the  height  exceeds  120  pm.  The  dependence  of  electronic  gain  on 
the  relative  dielectric  constant  were  also  determined.  It  was  recognized  that  the  heat 
dissipation  at  the  anode  circuit  is  a  major  problem  for  this  kind  of  device.  This  analysis  was 
done  for  a  frequency  range  above  20  GHz,  but  it  is  recognized  now  that  a  similar  analysis 
for  a  lower  frequency  range  is  necessary  for  getting  a  complete  picture  of  the  potenti?'  of  a 
continuously  distributed  amplifier  based  on  field  emitters. 
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Fig.  8  Schematic  Representation  of  an  FE  based  Continuously  Distributed  Amplifier. 


Our  research  objectives  for  the  last  contract  period  in  regard  to  the  FE  triodc  were 
to:  (1)  develop  a  simulation  procedure  to  calculate  the  static  and  dynamic  characteristics  of  a 
FE  tnode  and  obtain  design  parameters  for  optimum  gain,  bandwidth  and  efficiency  by 
increased  transconductance  and  lowered  capacitances,  (2)  assemble  an  FE  triode  and 
perform  experiments  to  evaluate  its  characteristics  such  as  transconductance,  interelectrode 
capacitances,  parasitic  elements,  and  their  effects  on  gain,  bandwidth  etc,  (3)  compare 
experiments  with  simulation  results,  (4)  develop  a  circuit  model  to  explain  the  experimental 
observations  in  order  to  predict  the  future  performance  of  FE  based  devices. 

We  have  been  collaborating  with  SRI  International  and  have  successfully  assembled 
a  triode  based  on  Spindt  cathodes.  We  have  also  assembled  a  life-test  configuration  with 
three  10,000  cone  based  Spindt  cathodes/triodes,  which  have  been  operating  successfully 
with  about  5  mA  current  (each)  for  more  than  16  months.  Fig.  9  shows  the  basic 
configuration  of  Field  Emitter  based  triode.  We  have  tested  several  Spindt  cathodes  in  this 
assembly,  and  results  include:  (1)  I-V  characteristics,  (2)  determination  of 
transconductance,  (3)  output  resistance,  (4)  gain  vs  frequency  measurements,  (5) 


theoretical  circuit  modelling,  (6)  determination  of  parasitic  elements  and  their  importance  on 
the  RF  performance  of  the  device  and,  (7)  the  requirements  of  the  level  of  vacuum.  Fig.  10 
shows  the  circuit  diagram  for  the  above  mentioned  tests.  The  I-V  characteristics  show  very 
flat  nature  implying  high  output  resistance.  The  data  from  several  different  samples  were  in 
good  agreement  with  the  Fowler-Nordheim  curve,  and  from  these  curves  the 
transconductance  values  were  calculated.  Using  these  transconductance  values  and  the 
measured  capacitances,  a  circuit  model  using  TOUCHSTONE  was  developed.  The  results 
from  TOUCHSTONE  were  compared  with  the  experimental  data  points  for  gain  vs 
frequency.  As  shown  in  ref.  37  [see  Appendix  XVI],  the  agreement  between  experiment 
and  theory  was  extremely  good.  It  was  concluded  that  high  output  resistance  along  with 
high  output  capacitances  are  responsible  for  an  early  roll-off  of  the  gain  with  frequency. 
Measures  to  reduce  these  parameters  are  under  study.  Although  the  high  input  capacitance 
is  responsible  for  the  frequency  limitation  of  the  device,  in  our  situation  the  input  circuit  did 
not  control  the  performance  of  the  amplifier. 
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Fig.  9  Basic  Configuration  of  FE  based  Triode 


The  above-mentioned  experimental  results  were  also  compared  with  a  panicle 
simulation.38  The  parameters  used  for  these  simulations  are  as  follows:  cathode  height  =  1 
mm,  gate  thickness  =  4000  A,  half  cone  angle  =  15°,  and  the  tip  radius  was  variable. 
These  parameters  were  primarily  determined  by  using  Scanning  Electron  Micrographs  of 
the  Spindt  cathodes  taken  at  the  NFF.  The  agreement  between  theory  and  experiment  is 
again  quite  good  for  a  tip  radius  of  about  250  A. 

In  addition  to  using  SRI  samples  for  triode  assembly,  we  have  tried  to  use 
semiconductor,  and  metal-coated  semiconductor  field  emitters  in  both  tip  and  wedge  shapes 
made  by  the  NRL  MPF.  Unfortunately,  none  of  them  gave  any  results  (emission)  mostly 
because  of  their  large  tip  radius  and  nonuniform  and  large  gate  diameter. 


VOLTAGE  (1: 100)  GATE  CTMUEVT 


Fig.  10  Schematic  of  the  Circuit  Diagram 
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Abttract-Tht  basic  concejX  of  tb«  two-stream  instability  and  its  ap¬ 
plication  in  building  a  microwave/ millimeter -wav*  amplifier  are  re¬ 
viewed  from  the  perspective  of  the  general  usage  of  high-frequency 
devices.  A  historical  review  of  the  relevant  literature  is  presented  with 
additional  discussion  of  unpublished  laboratory  notebooks  from  the 
Naval  Research  Laboratory.  A  summary  of  the  theoretical  background 
and  its  extension  to  the  bounded  three-dimensional  case  is  given  along 
with  results  from  one-dimensional  nonlinear  particle  simulation  which 
is  compared  to  nonlinear  theory.  The  advantages,  limitations,  and 
shortcomings  of  a  two-stream  amplifier  are  discussed  in  comparison  to 
other  currently  available  devices  that  work  in  the  same  range  of  pa¬ 
rameters. 


I.  Introduction  and  Historical  Review 

IN  the  past  several  years  microwave/ millimeter- wave 
technology  has  advanced  significantly  due  to  new  re¬ 
quirements  for  sensors  and  communications  links.  Micro- 
wave  systems  arc  better  than  optical  and  infrared  systems 
for  penetration  of  smokes,  fog.  dust,  and  similar  adverse 
environments.  The  advancement  includes  sources  which 
provide  high  output  power  at  higher  frequencies  and  usu¬ 
ally  offer  higher  lifetimes  and  reliability.  Applications  of 
these  systems  cover  wide  areas,  for  example,  communi¬ 
cations.  radar,  radiometry,  radio  astronomy,  spectros¬ 
copy.  medical  research,  and  plasma  diagnostics. 

We  have  reviewed  the  two-stream  amplifier  (TSA)  as  a 
candidate  for  a  compact  high-power/short-wavelength 
source  that  requires  relatively  low  beam  energies.  The 
TSA  is  based  upon  the  electron-electron  two-stream  in¬ 
stability.  For  a  strong  interaction  the  two  beams  must  be 
in  close  proximity  to  each  other.  This  instability  is  known 
to  be  characterized  both  by  an  extremely  high  growth  rate 
and  an  exceptionally  broad  bandwidth.  For  these  reasons, 
interest  in  the  TSA  is  longstanding.  The  project  was  con¬ 
sidered  by  several  groups  during  the  period  1949-1959. 
In  1949.  Pierce  and  Hebenstreit  U1  developed  a  one-di¬ 
mensional  linear  theory  for  a  TSA  and  presented  some 
normalized  design  curves.  Their  conceptual  device  is 
shown  in  Fig.  1,  and  it  consisted  of  an  input  coupler  (to 
inject  a  signal),  a  drift  region  for  the  electrostatic  inter¬ 
action.  and  an  output  coupler  to  convert  the  electrostatic 
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energy  into  electromagnetic  energy  for  extraction.  The 
theory  shows  a  very  promising  device  with  high  gain  and 
broad  bandwidth  that  depends  mainly  on  a  velocity  sep¬ 
aration  parameter  b  -  2 ( 1 /,  -  u;)/(u,  +  u2)  where  u, 
and  u,  are  the  dc  velocities  of  the  two  beams.  Pierce  (2] 
also  discussed  the  effects  of  separation  between  the  two 
beams  on  the  gain,  and  considered  the  gap  coupling  for 
the  input  and  output.  He  introduced  a  coupling  parameter 
5  which  varied  from  0  (coincident  beams)  to  1  luncou- 
pled/infiniteiy  remote  beams).  Some  normalized  design 
curves  were  given  for  various  values  of  5. 

Nergaard  [3]  presented  a  one-dimensional  mathemati¬ 
cal  model  of  a  two-beam  tube.  For  a  tube  of  30  cm  in 
length  his  model  showed  a  gain  of  120  dB  at  3  GHz  with 
a  bandwidth  of  0.9  GHz.  Substitution  of  parametric  num 
bers  in  his  model  shows  that  for  realizable  current  densi¬ 
ties  (  <  100  A /(cm)2 )  the  ratio  of  two  beam  voltages  can¬ 
not  be  greater  than  2.  Since  in  a  two-stream  interaction 
the  slower  beam  gains  energy  at  the  expense  of  the  faster 
one,  the  maximum  available  output  energy  is  at  most  this 
energy  difference  and  this  limits  the  efficiency  of  a  TSA. 

At  Bell  Laboratories.  Hollenberg  (4)  prrformed  an  ex¬ 
periment  using  a  helix  as  an  input  cavity,  and  tried  both 
helix  and  gap  output.  He  operated  at  200  MHz  and  re¬ 
ported  a  gain  of  the  order  of  29  dB  with  a  bandwidth  of 
about  43  percent.  The  beam  voltages  were  54  V  and  33 
V.  The  current  in  each  beam  was  1 . 1  mA.  Maximum  out¬ 
put  power  was  0.3  mW.  For  a  gap  output  the  maximum 
power  obtained  was  0.1  mW. 

Haeff  et  al.  (5)  performed  an  experiment  at  NRL  with 
a  3-GHz  frequency  and  a  total  current  of  15  mA  using  a 
helix  as  output  coupler.  He  obtained  a  tout  gain  of  46  dB. 
His  publication  shows  details  of  the  electron  gun  assem¬ 
bly  and  other  experimental  arrangements.  Recently  a  con- 
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siderable  amount  of  data  from  these  experiments  has  been 
recovered  from  old  laboratory  books  at  NRL  (dated  1949- 
1951).  These  experiments  were  performed  by  Haeff  [6]  et 
al.  The  unpublished  work  includes  a  considerable  amount 
of  experimental  data  and  device  designs.  A  senes  of  ex¬ 
periments  were  performed  using  coupled  cavities  as  out¬ 
put  and  input  coupling  devices.  The  aim  was  to  generate 
higher  output  power  at  the  expense  of  the  bandwidth.  The 
length  of  the  drift  tube  was  vaned  from  6  to  13*  in.  The 
resonator  voltage  (  Vktr)  was  changed  from  800  V  to  3.5 
i  kV  keeping  /*,  and  /*.  fixed.  The  gain  varied  from  15  to 

24  dB  and  the  results  are  shown  in  Fig.  2.  In  order  to 
increase  the  gain  a  new  tube  with  a  lower  transit  time  was 
constructed.  They  also  tried  to  operate  the  tube  as  a  self- 
excited  oscillator  and  found  1 .802  W  of  output  power  with 
(  V,  -  V2 )  m  335  V.  The  voltage  of  resonator  1  was  2  kV 
)  and  the  currents  were  100  and  150  mA.  Fig.  3  demon¬ 
strates  the  effect  of  velocity  separation  on  the  gain  and  the 
presence  of  an  optimum  value  of  this  parameter.  The  best 
result  was  obtained  using  a  tuning  stub  at  the  output.  For 
a  frequency  of  3  GHz.  collector  current  ( /kl  +  /», )  of  160 
mA.  beam  voltages  1.12  and  1.59  kV.  the  output  power 
^  was  6.3  W  and  the  corresponding  efficiency  was  2.5  per¬ 
cent. 

In  1958.  Bemashevskii  et  al.  (7)  published  the  result  of 
an  experiment  that  was  earned  out  in  the  Institute  of  Ra¬ 
dio  Engineering  and  Electronics  of  the  Academy  of  Sci¬ 
ences  of  the  U  S  c  R.  In  their  electron  gun,  a  ponion  of 
I  the  electrons  of  the  faster  stream  was  used  to  heat  the 
cathode  supplying  the  slower  stream.  It  produced  an  in¬ 
termixed  beam  and  provided  stable  operation.  Fig.  4. 
taken  from  (7],  shows  that  for  strong  interaction  (large  K ) 
the  two  beams  have  to  be  very  well  mixed.  Although  the 
design  details  were  not  given,  they  used  tapered  helices 
I  of  different  lengths  as  input  and  output  devices.  The  max¬ 
imum  gain  was  46  dB  at  3  GHz  with  voltages  1  55  and 
1.1  kV  and  current  density  153  mA/(cm):,  which  gives 
an  efficiency  of  4  72  percent. 

The  basic  small-signal  theory  and  the  intended  experi¬ 
mental  parameters  are  discussed  in  Section  11.  In  Section 
I  HI.  the  results  of  a  one-dimensional  particle  simulation 

9  are  presented.  Section  IV  contains  the  detailed  conclu¬ 

sions. 

II.  Linear  Theory 

The  small-signal  theory  for  a  TSA  with  two  mixed 
I  beams  but  no  outer  conducting  wall  has  been  presented 
many  times  in  the  past  |l|-(3j.  (5)  but  a  complete  nu¬ 
merical  solution  for  a  three-dimensional  case  with  a  sur¬ 
rounding  conducting  wall  has.  to  our  knowledge,  never 
been  done.  A  cylindrical  waveguide  of  radius  a  with  the 
dominant  TM0i  mode  is  considered  (Fig.  5).  The  coprop- 
I  agating  electron  beams  are  assumed  to  be  well  mixed  with 
radius  b  and  the  direction  of  propagation  is  denoted  by  i. 
Since  it  is  customary  to  isolate  the  RF  by  terminators  at 
the  input  and  output  boundaries,  the  interaction  region  is 
considered  separately 
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In  region  1(0  <  r  <  b)  the  fields  can  be  written  as  (in 
S  I  units): 

E.j  =  AfoiTr)  e'<~*  ~J:I 


Note  that  as  a  -•  os .  /0(  a  a )  -»  os .  and  K0(  aa )  0.  the 

dispersion  relation  reduces  to  the  well  known  one: 

>/Lf,(rb)  K0(a b)  +  K^ab)  /„(n>)  =  0. 


E„  =  ^/,(  IV) 
a' 

H„  =  '-^™i(rr)e"-'-*' 

a 

where  /0  and  /,  are  the  modified  Bessel  functions.  T*  - 
(0:  -  k')L  =  a1  L,  and  k  =  w/c.  For  the  two-beam 

case  chosen  ( 1  ] 

W\B\  W\B\ 


L  =  1  - 


with 


Yi 


<0)1 


(«.  -  zr  -  zy 


B, 


mL 


&Ob  -  2^'b  + 

z-i 

where  is  the  plasma  frequency  of  the  ;th  beam  ( j  - 
1 .  2 ) .  =  (  w/u,  )  is  the  propagation  constant  of  the  yth 

beam  and  u}  is  the  dc  velocity  of  the  yth  beam.  The  zero- 
order  relativistic  factor  is  denoted  by 


Yy 


(VI  _ 


Vl  -  {Uj/c)‘ 

In  region  II  (b  <  r  <  a)  the  electromagnetic  fields  are: 
E.j,  =  (C/0(ar)  +  Z?^(ar)]  e"*-*' 


Era  =  ~  (C/|(ar)  -  DK<(cr))e" 


-3: ) 


W./y  =  —  (C/,(ar)  -  DKt  (ar)j  e,(- 
a 

The  three  independent  boundary  conditions  are 
Ej,  -  0  at  t  -  a 
E.j  =  E.j,  at  r  =  b 
Hu  -  H^i  at  r  =  b. 

Using  these  boundary  conditions  the  dispersion  relation 
for  the  system  is 


JUxiTb) 


K0(aa) 

K0(ab)  -  l0(ab)  — - - 

l0(aa) 


urb) 


Ka(aa) 

K,(ab)  +  f,(ab)  — - - 

/0(ao) 


=  0 


Since  the  normalized  design  curves  for  the  unbounded 
case  can  be  found  in  [I]  and  (2]  we  will  present  more 
quantitative  graphs  with  some  practically  realizable  pa¬ 
rameters.  Based  on  the  information  found  from  the  past 
works  (3).  we  have  chosen  the  following  parameters  to 
study: 

V,  =  18  kV 

V,  =  10  kV 

J,  =  J2  =  80  A/(cm):. 

Fig.  6  shows  gain  in  decibels  per  centimeter  as  a  func¬ 
tion  of  frequency  for  this  limiting  (i.e..  one-dimensional) 
case  as  well  as  for  various  values  of  b.  Curves  (a),  (b). 
(r).  and  ( d )  correspond  to  b  *  0.025.  0.035,  0.05.  and 
0.075  in,  respectively,  and  represent  four  practical  values 
for  the  parameter  b.  Curve  (e)  represents  the  one-dimen- 
sional  case.  In  order  to  have  80  A/(cm):  current  densi¬ 
ties,  the  required  currents  are  1.2,  4,  and  9  A,  respec¬ 
tively.  The  bandwidth  as  well  as  gain  decrease  rapidly  as 
the  beam  radius  decreases.  In  Fig.  7  we  see  the  effect  of 
the  outer  conductor  on  the  gain  for  a  constant  ratio  of  the 
conductor  to  the  beam  radii  (a/b  -  4)  for  various  values 
of  the  beam  radius  keeping  the  current  density  at  80 
A/(cm)2.  The  effect  of  the  conducting  wall  becomes 
prominent  only  when  the  beam  radius  is  small.  It  can  be 
shown  that  even  for  a  small  beam  radius,  the  effect  of  the 
wall  becomes  small  as  the  ratio  (a/b)  increases  (i.e..  as 
the  outer  conductor  becomes  remote).  Fig.  8  shows  the 
effect  of  the  voltage  ratio  V,  / K2  upon  gain.  For  V,  =  18 
kV,  the  voltage  ratio  was  varied  from  1.8  to  1.3  for  b  = 
0.025  in.  The  difference  in  gain  becomes  prominent  as  we 
go  toward  higher  frequencies.  Thus,  the  voltage  ratio  for 
an  experiment  should  be  chosen  depending  on  the  oper¬ 
ating  frequency.  Fig.  9  supports  the  fact  that  for  the  same 
voltage  ratio,  the  gain  and  bandwidth  increase  with  de¬ 
crease  in  the  value  of  the  higher  voltage.  Although  Figs. 

8  and  9  show  increase  in  gain  and  bandwidth  with  de¬ 
crease  in  V |  /  V2,  this  trend  does  not  continue  for  long.  As 
V)/V2  approaches  unity,  the  gain  drops  off  rapidly  and 
Fig.  10  shows  this  along  with  the  fact  that  for  every  fre¬ 
quency  there  is  an  optimum  value  of  the  voltage  ratio 
VJV j  at  which  the  gain  is  maximum. 

III.  Nonunear  Analysis 

It  is  well  known  that  the  linear  theory  of  two  stream 
instability  offers  high  gain  and  broad  bandwidth.  Pierce's 
theory  shows  that  the  distance  between  the  beams  has  to 
be  very  small  (i.e..  they  have  to  be  intermixed)  for  a 
strong  interaction,  and  this  has  been  supported  by  the 
Russian  experiment  (7).  This  requirement  becomes  more 
severe  as  the  frequency  increases  from  the  microwave  to 
the  millimeter-wave  regime.  However,  linear  theory  does 
not  give  any  quantitative  information  about  the  saturation 
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Fig  1 1  At  lime  -  0.  both  beams  have  the  same  thermal  spread  and  the 
slower  beam  has  the  RF  imposed,  (a)  Velociiy-posmon  phase  space,  (b) 
Velocity  distribution  function 


(a) 


saturates  quickly  and  although  it  produces  a  bunched 
beam,  the  quality  of  bunching  is  not  very  good  in  the  sense 
(hat  a  large  phase  space  area  is  filled.  Fig.  IS  shows  that 
at  the  driving  frequency  (10  GHz),  the  ratio  of  ac  to  dc 
current  modulation  is  about  55  percent.  This  corresponds 
with  the  result  obtained  by  Filimonov  {8J,  (9).  Another 
result  for  this  parameter  was  obtained  earlier  by  Rowe 
(12)  He  used  a  simplified  theory  of  the  interaction  based 
upon  the  analysis  of  space  charge  waves  in  a  klystron 
(Beck  ( 1 3))  and  obtained  an  estimate  of  88  percent  for  the 
maximum  value  of  this  ratio.  The  efficiency  in  klystron¬ 
like  devices  is  related  to  the  ratio  of  ac  to  dc  electron 
velocity,  and  quite  high  efficiencies  are  found  when  this 
ratio  approaches  60  percent.  Considering  only  the  ratio  of 
ac  to  dc  current  modulation  one  would  naively  expect  high 
efficiencies  in  TSA  as  well;  however,  the  experimentally 
found  efficiencies  were  always  less  than  5  percent. 

In  order  to  explain  the  low  observed  efficiencies  we  take 
note  that  the  TSA  operates  as  a  prebuncher  for  the  output 
helix  stage.  Thus,  the  device  is  essentially  a  helix  TWT 
with  enhanced  bunching  due  to  the  two-stream  interac¬ 
tion.  There  is  an  optimum  point  at  which  the  output  helix 
should  be  located  relative  to  the  bunching  caused  by  the 
TSA  section.  If  the  helix  begins  at  a  point  further  down¬ 
stream.  the  interaction  should  be  degraded  because  the 
beam  will  overbunch  and  thermalize  due  to  the  contin¬ 
uation  of  the  nonlinear  phase  of  the  two-stream  interac¬ 


Fif  12  Al  nme  -  3w,' '  ihe  growth  of  the  wave  in  ihe  fast  beam  is  shown 
(a)  Velocity -position  phase  space  (b>  Velocity  distribution  function 

tion.  In  the  event  that  the  helix  begins  at  a  point  prior  to 
the  optimum  location,  one  must  consider  the  TWT  A  in 
the  presence  of  two  electron  streams.  In  this  case.  Rowe's 
nonlinear  theory  of  a  TWT  A  with  two  cold  beams  shows 
that  for  Pierce’s  gain  parameter  C  of  approximately  0  1 
(which  is  a  practical  maximum),  the  maximum  output  ef¬ 
ficiency  is  about  5  percent  with  warm  beams  degrading 
the  performance  still  further.  The  thermal  effect  is  poten¬ 
tially  disastrous  even  when  the  output  stage  is  optimally 
located.  In  order  to  estimate  the  maximum  thermal  spread 
Av  that  can  be  tolerated,  we  observe  that  if  kAv  >  | «  - 
kv  1  then  the  assumption  of  a  cold  beam  can  no  longer  be 
made.  This  implies  that  the  ratio  of  the  velocity  spread  to 
the  bulk  velocity  of  the  beams  must  be  less  than  the  ratio 
of  the  gain  to  the  wavenumber  for  a  cold  beam.  For  a 
TWT  the  ratio  of  Im  {k)  to  Re  (*)  is 

Im  (*)  V?C 

Re  (k)  ”  2  +  C 

Therefore,  when  C  =  0.1,  the  maximum  thermal  spread 
that  can  be  tolerated  for  a  cold  beam  is  Av/v  -  8.2  per¬ 
cent.  For  the  particular  case  studied,  the  aggregate  of  the 
two  beams  at  the  saturation  point  for  the  two-stream  in¬ 
teraction  indicates  that  Av/ v  is  a  substantial  fraction  of 
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13  At  ume  *  6u,  '  the  nonlinear  beam-beam  coupling  and  the  ther- 
malization  of  the  distribution  is  illustrated,  (a)  Velocity-position  phase 
space  (b)  Velocity  distribution  function. 
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Fig  U  At  lime  »  9w," 1  the  continued  nonlinear  development  of  the  sys¬ 
tem  and  the  degradation  in  harmonic  and  thermal  content  of  the  system 
is  shown,  (a)  Velocity-position  phase  space  (b)  Velocity  distribution 
function. 


the  initial  velocity  separation  between  the  beams  and  was 
approximately  20  percent.  Thus  it  can  be  concluded  that 
a  major  difficulty  in  the  design  and  operation  of  the  TSA 
is  thermal  degradation  of  the  beam.  This  is  exacerbated 
by  the  fact  that  the  TSA  has  a  broad-band  character  and  a 
wide  spectrum  of  waves  is  excited  which  will  lead  to  an 
even  more  rapid  thermalization  of  the  beam. 

IV.  Summary  and  Discussions 

Since  the  TSA  is  inherently  a  high  gain  device,  the 
length  of  the  overall  device  can  be  expected  to  be  shorter 
than  that  of  a  helix  TWTA.  However,  the  output  effi¬ 
ciency  will  be  sensitive  to  the  precise  length  also.  Too 
long  an  interaction  region  will  overbunch  the  beams,  while 
too  short  an  interaction  region  will  underbunch  the  beams 
in  comparison  to  a  helix  output  stage. 

The  TSA  is  also  a  broad-band  device.  However,  the 
bandwidth  of  the  configuration  ultimately  chosen  would 
involve  a  helix  output  stage  which  limits  the  bandwidth 
of  the  overall  device  to  that  defined  by  the  helix.  Thus 
there  seems  to  be  no  advantage  to  be  gained  in  bandwidth 
by  gojng  to  a  TSA  instead  of  a  helix  TWTA.  The  choice 
of  a  cavity  coupler  as  an  output  stage  might  result  in  a 
higher  output  efficiency  than  a  helix,  but  it  would  be  lim- 


Tinc  (CO0  ) 

Fig  15  The  percent  ac  modulation  at  the  driving  frequency  (10  GHz) 
peaks  near  55  percent  when  competing  modes  have  grown  to  signifi¬ 
cance. 
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tied  to  an  application  which  involves  a  narrow  bandwidth. 
In  addition,  the  bandwidth  will  also  be  sensitive  to  the 
length  of  the  TSA  region,  since  the  required  optimum 
length  will  vary  with  the  frequency. 

Although  the  high  gain  of  the  TSA  concept  confers  the 
advantage  of  being  relatively  less  sensitive  to  thermal  ef¬ 
fects.  the  crucial  limitation  occurs  due  to  the  thermal 
spread  of  the  bunched  electron  beams.  This  thermal  spread 
is  found  to  be  comparable  to  the  velocity  difference  be¬ 
tween  the  two  beams,  which  is  a  large  number  in  itself. 
Thus,  although  the  TSA  interaction  can  tolerate  a  rela¬ 
tively  large  thermal  spread,  it  will  produce  a  bunched 
beam  of  relatively  large  thermal  spread  as  well,  which 
will  seriously  degrade  the  efficiency  of  the  output  stage. 

Most  importantly,  the  TSA  imposes  a  severe  constraint 
on  the  electron  gun  design.  The  generation  of  two  well- 
mixed  high-current-density  cold  beams  is  not  a  routine 
operation  at  this  time. 

An  additional  problem  is  that  the  helix  output  stage  is 
separated  from  the  TSA  interaction  region  by  a  terminator 
which  cuts  off  the  electromagnetic  modes  from  this  re¬ 
gion.  However,  the  TSA  interaction  is  electrostatic  in  na¬ 
ture.  and  will  not  terminate  at  the  boundary  to  the  helix 
output  stage  Thus,  the  two-stream  interaction  will  con¬ 
tinue  simultaneously  with  the  interaction  of  the  bunched 
beams  and  the  helix.  This  can  be  expected  to  result  in  a 
further  increase  in  the  thermal  spread  of  the  beams  and  a 
degradation  of  the  efficiency. 

Backward  wave  oscillation  is  a  common  problem  as¬ 
sociated  with  TWT's.  This  problem  is  also  expected  in  a 
TSA  since  the  output  stage  is  a  TWT.  If  the  length  of  the 
output  device  is  small  enough,  this  problem  will  not  arise. 
As  discussed  before,  the  output  device  should  be  intro¬ 
duced  to  the  beam  prior  to  the  saturation  point  of  the  two- 
stream  interaction,  and  the  beam  that  enters  into  the  out¬ 
put  device  is  not  very  tightly  bunched.  Even  if  we  neglect 
the  thermal  spread  completely,  it  seems  clear  that  the  out¬ 
put  device  must  be  long  enough  to  support  a  traveling- 
wave  interaction  to  get  reasonably  good  output  power  and 
efficiency  Thus,  the  TSA  does  not  necessarily  eliminate 
the  problem  of  backward  wave  oscillations. 

The  general  conclusions  that  can  be  reached  concerning 
the  TSA  are  that  it  is  an  inherently  high  gain  but  low  ef¬ 
ficiency  device.  In  addition,  the  TSA  appears  to  present 
no  unambiguous  advantages  over  such  competitive  micro- 
wave  sources  such  as  the  helix  TWT  A. 
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APPENDIX  II 


Nonlinear  Analysis  of  the  Cerenkov  Maser 

by 


H.P.  Freund  and  A.K.  Ganguly 


The  vacuum  mode  influences  the  choice  of  the  coeffi¬ 
cients  in  Eqs  { 1  )-(4),  where  J.  and  Y.  represent  the  regu¬ 
lar  Bessel  and  Neumann  functions,  /.  denotes  the  modified 
Bessel  function  of  the  lint  kind,  and 

a.  =  (ir/2)K',R4[(K',/(Km)/x(K,R4)Y0(K,mR4) 

—  )  Yx  (*,&* )  ]• 

b,  =  -  (ir/2)K',R4[(K‘,/fK.)Ii(KmR4)J0{K',R^) 

—  )^i 

Both  k,  and  <  are  analogs  of  the  cutoff  wave  numbers  and 
are  defined  by 

«Vc2  =  JfcJ.  -*i  (7) 

in  the  vacuum  and 

eduVc2)**!  +<*  (8) 

in  the  dielectric.  It  should  be  remarked  that  the  choice  of  k, 
denotes  the  vacuum  value,  which,  under  the  present  assump¬ 
tions,  is  the  initial  condition  for  the  wave  number.  The  vacu¬ 
um  dispemon  equation '‘5  for  this  configuration  is 

A>( )  *  * 

X  Yo«R,)U<R<)-M<R,)Yo(<R<) 

(9) 

which,  in  combination  with  Eqs.  (7)  and  (8),  relates  u  and 
It,  Equivalently,  one  can  assume  that  Eqs.  (7),  (8),  and  (9) 
constitute  a  set  of  three  equations  that  permit  solution  of  any 
three  of  the  quartet  (o),k,jc,.K'm)  in  terms  of  the  fourth. 
Typical  dispersion  curves  for  (w,k„ )  are  shown  in  Fig  2.  In 
contrast  with  the  cutoff  wave  numbers  in  simple  cylindrical 
waveguides,  the  solutions  for  *■„  and  k'„  are  not  constants  but 
vary  with  frequency  and  wave  number.  This  is  illustrated  in 
Fig.  3  in  which  we  plot  <;  vs  for  the  parameters  used  in 
Fig  2  Observe  that  k\  <0  when  the  wave  is supraluminous; 
however,  the  wave-particle  interaction  is  not  permitted  in 


FIG  2  Plot  of  the  dnprnion  curves  for  the  TM0,  and  TMo;  modes  in  a 
boroo-nilnde  lined  waveguide 
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FIG  3  Plot  of  Use  square  of  Use  cutoff  wave  number  in  vacuum. 


this  regime.  As  a  consequence,  we  shall  confine  ourselves  to 
consideration  of  the  subluminous  regime  for  which  <;  >  0. 

As  mentioned  previously,  the  amplitudes  and  wave 
numbers  of  the  TMq.  modes  are  assumed  to  be  slowly  vary¬ 
ing  functions  of  z.  In  contrast,  the  cutoff  wave  numbers 
)  are  characteristic  of  the  transverse  mode  structure 
in  the  vacuum,  and  are  assumed  to  be  constant  over  the 
course  of  the  interaction.  Shifts  in  the  transverse  mode  struc¬ 
ture  of  the  total  electromagnetic  field  are  described  by  varia¬ 
tions  in  the  relative  values  of  the  various  mode  amplitudes 
under  consideration.  The  microscopic  source  current  that 
drives  the  interaction  can  be  written  as  the  following  sum 
over  individual  particle  trajectories: 


L  r 

SJ(x.t)  =  -en„—  £ 

A  r  , .  i 

w  (10) 

i  Vu  I 

where  L  is  the  length  of  the  interaction  region,  NT  is  the  total 
number  of  electrons,  nh  is  the  average  electron  density, 
t,  (r^rc,j'c,fc,p0)  is  the  velocity  of  the  rth  electron  at  posi¬ 
tion  2,  which  entered  the  interaction  region  (i.e.,  crossed  the 
2  =  0  plane)  at  time  ta,  transverse  position  (r,,^),  and 
momentum  and 


_ df_ _ 

IM*'r*CvVo.'o.Po)l 


(11) 


The  system  is  assumed  to  be  quasistatic  in  the  sense  that 
particles  that  enter  the  interaction  region  at  times  t0  separat¬ 
ed  by  integral  multiples  of  a  wave  period  will  execute  identi¬ 
cal  trajectories.  This  follows  from  our  treatment  of  the  sys¬ 
tem  as  a  steady-state  amplifier.  As  a  result, 
i,(z\x0,y0,t0  +  2 nS/u)  =  », (2wr0d’0,/c)  for  integer  <V. 
The  discrete  sum  over  particles  can  be  replaced  by  an  inte¬ 
gral  over  initial  conditions,  and  we  may  rewrite  ( 10)  in  the 
form 
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=  -enk  J"  J  J^Pouofo(Po) 

X  j"  J"  dx0  dy0  a,  (y0)  J  dt0  erf  (r0) 

XT(rr*0o'o,^Po)<5[*1  -  ii(*WWo.&>)] 
w.5(/-  r(z^0t>-0,/0,p0)] 


M^WWorto)! 


(12) 


where  u#  is  the  initial  axial  velocity,  p,,  is  the  initial  momen¬ 
tum,  Af  is  the  cross-sectionaJ  area  of  the  waveguide, 
T  =  L  /vA,  and  a, ,  aL ,  and  F0  describe  the  distribution  of 
the  initial  conditions  subject  to  the  normalizations 


<rL  (Wo)  =  A„, 


*o  (*o) 


r. 


(13) 

(14) 


where  /(6  is  the  cross-sectional  area  of  the  beam,  and 


(15) 


The  dynamical  equations  that  govern  the  evolution  of 
the  slowly  varying  amplitude  and  phase  are  derived  in  the 
Appendix  under  the  assumption  that  terms  in  the  second- 
order  derivatives  of  the  amplitude  and  phase  (i.e.,  observe 
that  the  wave  numbet  vanes  as  the  first  derivative  of  the 
phase;  hence  terms  in  the  derivative  of  k .  are  neglected ) .  We 
find  that  the  dispersion  of  the  mode  in  the  presence  of  the 
electron  beam  is  described  by 


(16) 


where  a>l  =  Annl)e1/m,  is  the  square  of  the  beam  plasma  fre¬ 
quency  and  Sa0„  =  e6A0./m,c.  Equation  ( 16)  describes  an 
algebraic  equation  for  the  evolution  of  the  wave  number  in 
terms  of  the  dielectric  effect  of  the  beam.  It  is  tnvially  satis¬ 
fied  in  the  limit  in  which  the  beam  vanishes  (i.e.,  =  0) 

since  <uVcJ  -  k  l  -  xi  for  each  mode.  The  description  of  the 
amplification  (or  damping)  of  each  mode  is  equivalent  to  a 
calculation  of  J-<5Eo.  for  each  mode  and  is  given  by 


where 


w*__l_ 
c2  A . 


(m*.')-— -sin 
\  l*>,j 

+  —/„(*,  r)coso,y  ( 


17) 


A,  s  (i  |  (x,Rj ) - —I  1(k,R4  ) 

(  \  k. 

+  4f4-l 

(18) 

It  is  clear  from  Eq.  ( 17)  that  the  derivative  of  the  amplitude 
is  zero  when  <ok  =  0.  Thus  there  is  no  amplification  of  the 
modes  in  the  absence  of  the  beam,  and  Eqs.  ( 16)  and  ( 17) 
are  reduced  to  the  description  of  the  propagation  of  the 
“bare”  TM^.  modes. 

The  averaging  operator  in  Eqs.  (16)  and  ( 17)  is  defined 
over  the  initial  conditions  of  the  beam,  and  includes  the  ef¬ 
fect  of  an  initial  momentum  spread  by  means  of  the  distribu¬ 
tion  function 


^o(fc)  =Aexp[  -  (Pl0  -p0)2/Apf] 

X<5(j^ -p\0 -/>*)#(/>*>).  (19) 

where  p0  and  \pt  describe  the  initial  bulk  momentum  and 
momentum  spread,  H(x)  is  the  Heaviside  function,  and  the 
normalization  constant  is 


(20) 


Observe  that  this  distribution  describes  a  beam  that  is  mono- 
energetic  but  with  a  pitch-angle  spread  that  is  equivalent  to 
an  axial  energy  spread  of 


by,/Yo  ~  i  -  lA  1  +  2 (ri,  -  i  )(Ap,/p0). 


(21) 


where  y0s  ( 1  -t-pG/mJc2)1'3.  Asa  result,  the  averaging  op¬ 
erator  takes  the  form 


X  exp 


Jf  *oV,  < 'o)(  -  >. 


(22) 


where  t£0(  =  -  ciir0)  is  the  initial  phase. 
<p0  =  tan *  ‘(.pA/p*>),  /c,  and  <r,(tf0)  and  <rk(r0) 

describe  the  initial  beam  distributions  in  phase  and  cross 
section.  It  should  be  remarked  that  ( 1 )  there  is  no  average 
over  the  initial  azimuthal  distribution  of  the  beam  since  the 
configuration  has  been  assumed  to  be  aztmuthally  symmet¬ 
ric,  and  ( 2 )  the  radial  variation  is  taken  over  the  vacuum 
only  ( i.e.,  r< R4 )  since  electrons  that  intercept  the  dielectric 
are  lost  to  the  interaction. 

It  should  be  remarked  that  the  average  over  the  initial 
phase  corresponds  to  inclusion  of  only  a  single  beamlet  of 
electrons  that  enter  the  interaction  region  within  one  wave 
period.  The  reason  for  this  is  illustrated  by  the  behavior  of 
the  particle  trajectories  in  a  steady-state  amplifier.  In  the 
absence  of  the  electromagnetic  field,  all  particles  with  the 
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same  initial  conditions  execute  identical  trajectories.  The 
presence  of  the  electromagnetic  field  disrupts  this,  but  im¬ 
poses  a  periodicity  upon  the  orbits  based  upon  the  entry 
time.  Specifically,  all  other  initial  conditions  being  identical, 
particles  that  enter  the  interaction  region  with  entry  times 
separated  by  a  wave  penod  will  also  execute  identical  trajec¬ 
tories.  Thus  one  need  only  describe  the  interaction  of  a  single 
beamlet.  This  siow-time-scale  formulation  has  been  exten¬ 
sively  applied  to  the  analysis  of  gyrotrons  and  free-electron 
lasers  and  is  amply  described  in  the  literature,15"'*  and  the 
implications  of  the  quasistatic  assumption  are  rigorously 
proved  by  Sprangle  et  al. 15 

The  assumption  of  single  frequency  wave  propagation 
and  the  subsequent  average  of  Maxwell's  equations  over  the 
wave  period  excludes  harmonics  of  the  fundamental  interac¬ 
tion  frequency  from  the  treatment.  However,  harmonic  in¬ 
teractions  will,  in  general,  occur  because  the  source  current 
will  also  oscillate  at  the  harmonics  of  the  injected  signal.  The 
harmonics  can  be  included  in  a  self-consistent  manner  for 
the  case  in  which  the  wave  is  far  from  cutoff  and  the  harmon¬ 
ics  are  commensurate  with-the  frequency  of  the  injected  sig¬ 
nal.  However,  the  harmonic  interaction  must  grow  from 
noise  on  the  beam,  and  we  choose  to  ignore  them  in  the 
present  analysis  under  the  assumption  that  the  drive  power 
of  the  injected  signal  overwhelms  the  harmonics.  It  is  impor¬ 
tant  to  observe,  however,  that  the  harmonic  interaction  is 
implicitly  included  for  the  case  in  which  the  injected  signal 
itself  is  at  a  harmonic. 

While  electrons  that  intercept  the  dielectric  liner  cease 
to  be  important  to  the  interaction,  the  determination  of  the 
time-averaged  Poynting  flux  for  the  TM  modes  requires  the 
inclusion  of  the  fields  in  the  dielectric  liner  Integrating  over 
the  entire  cross  section  of  the  waveguide  (i.e..  0<r<flf ),  we 
find  that  the  time-averaged  power  earned  by  the  TM0„  mode 
is 


(23) 


The  phase  variation  of  the  modes  can  be  analyzed  by  the 
inclusion  of  an  equation  to  integrate  the  phase  relative  to  the 
phase  of  a  wave  in  uacuo  as  follows: 


~^Az)  =  km(z)  - 
dz 


(24) 


Since  the  departure  of  k„(z)  from  the  vacuum  wave  number 
describes  the  effect  of  the  interaction,  <t>,  (z)  represents  a 
measure  of  the  dielectric  effect  of  the  beam. 

Each  mode  will  interact  resonantly  with  the  electron 
beam,  and  will  be  coupled  through  the  collective  response  of 
the  electrons  to  the  bulk  electromagnetic  field.  Therefore,  in 
order  to  complete  the  formulation,  the  electron  orbit  equa¬ 
tions  must  be  specified  as  well.  Since  we  are  interested  in 
amplifier  configurations,  we  integrate  in  z  and  write  the  Lor- 
entz  force  equations  in  the  form 


°,T*=  -eSE  — -vx(ffoi,  +<5B),  (25) 

dz  c 


where  an  axial  guide  magnetic  field  is  included  to  provide  for 
the  confinement  of  the  beam,  and  the  electromagnetic  field  is 
given  in  Eqs.  ( 1  )-(4). 


lit.  NUMERICAL  ANALYSIS 

The  set  of  coupled  nonlinear  differential  equations  de¬ 
scribed  in  Sec.  II  is  solved  numerically  for  an  amplifier  con¬ 
figuration  in  which  a  single  wave  of  frequency  <o  is  launched 
into  the  interaction  region  in  synchronism  with  the  electron 
beam  at  z  =  0.  The  algorithm  employed  is  a  fourth-order 
Runge-Kutta-GUl  technique,  and  the  particle  averages  in 
Eqs.  (16)  and  ( 1 7 )  are  performed  by  means  of  an  nth-order 
Gaussian  quadrature  technique  in  each  of  the  initial  coordi¬ 
nates  and  momenta  ( /■0,^0^l0  ,<pQ).  Note  that  the  order  of  the 
Gaussian  quadrature  used  to  resolve  each  of  these  degrees  of 
freedom  need  not  be  identical,  and  that  the  total  number  of 
electrons  is  given  by  the  product  of  the  orders  of  the  Gauss¬ 
ian  quadratures.  The  initial  slate  was  chosen  to  model  the 
injection  of  an  axisymmetric  electron  beam  with  a  uniform 
cross  section  ( i.e.,  a  flat-topped  beam),  and  the  radial  profile 
can  be  either  solid  or  annular.  Within  the  context  of  this 
beam  geometry,  the  plasma  frequency  is  related  to  the  total 
beam  I,  current  by  means  of  the  relation 

o>l  =  (4e/fiJ «,!>* )[/,/(*  ^  (26) 

where  Rm,x  and  Rmin  denote  the  maximum  and  minimum 
radii  of  the  electron  at  the  start  of  the  interaction.  The  explic¬ 
it  neglect  of  the  beam  space-charge  modes  from  the  formula¬ 
tion  is  valid  as  long  as  ( 1 )  <w»  and  (2)  the  exponentia¬ 
tion  time  is  much  less  than  the  period  of  the  beam-plasma 
wave.  These  conditions  are  satisfied  for  the  specific  cases 
under  consideration. 

The  first  case  that  we  consider  is  that  of  the  propagation 
of  an  electron  beam  with  an  energy  of  1 50  keV,  a  current  of  8 
A.  and  an  initial  radius  of  0.24  cm  through  a  boron  nitride 
lined  waveguide  (f  =  4.2)  with/J,  =  0.3  cm  and  R,  =0.25 
cm.  The  dispersion  curves  for  the  TMq,  and  TM^  modes  in 
this  system  are  shown  in  Fig.  2.  The  resonant  frequencies  for 
the  wave-particle  interaction  are  given  by  the  intersections 
of  the  dispersion  curves  and  the  resonance  line  u  =  kvt, 
which  for  the  parameters  of  interest  occur  at  frequencies  in 
the  range  of  101-105  GHz  in  the  TM*,,  mode.  As  is  evident 
in  the  figure,  the  TMoj  mode  (as  well  as  all  higher-order 
modes )  are  cut  off  at  these  frequencies  and  do  not  interact 
with  the  beam.  As  a  result,  this  system  can  be  treated  using 
only  the  TM0,  mode  in  the  analysis.  This  system  has  been 
described  in  an  experiment  by  Garate  et  al..*  and  a  detailed 
comparison  will  be  given  after  the  description  of  the  theoreti¬ 
cal  results.  I 

Typical  resuffs  showing  the  amplification  of  a  resonant 
wave  are  shown  in  Fig.  4,  in  which  the  evolution  of  the  TMg, 
mode  is  illustrated  as  a  function  of  axial  position.  This  figure 
represents  the  launching  of  a  10  W  signal  at  a  frequency  of 
104  GHz  in  the  case  of  the  idealized  limit  of  a  beam  with  a 
vanishing  energy  spread.  As  seen  in  the  figure,  the  growth  of 
the  wave  is  approximately  exponential,  and  saturation  oc¬ 
curs  at  a  power  of  26  kW  The  detailed  variation  of  the  nor¬ 
malized  growth  rate  ro,  Rd  (where  Tg,  denotes  the  logarith¬ 
mic  derivative  o fSa^ )  with  axial  position  is  shown  in  Fig.  5. 

The  growth  of  the  signal  is  not  purely  exponential  as  the 
growth  rate  varies  somewhat  in  z  with  fluctuations  in  the 
response  of  the  beam  to  the  wave,  but  an  average  growth  rate 
of  the  order  ro ,  R  4  s:  0. 08  is  observed. 
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FIG-  8.  Variation  in  (he  muimiia  output  power  as  s  function  of  beam  ener¬ 
gy  spread  corresponding  to  the  frequency  of  mum  urn  gain. 


unstable  gain  band  in  the  limit  of  a  vanishing  axial  energy 
spread  is  chosen  to  be  the  reference  point.  This  corresponds 
to  a  resonant  energy  of  1 50  keV  and  frequency  of  102.4  GHz. 
At  this  frequency  and  beam  energy,  a  10  W  input  signal  is 
found  to  reach  saturation  at  z/Ra  -  72  and  yield  a  power 
level  of  19.2  kW  and  a  relative  phase  of  2 IT.  The  phase 
stability  of  the  device  can  be  evaluated  by  allowing  the  beam 
energy  to  vary  while  holding  all  other  parameters  to  be  fixed 
and  to  observe  the  effect  of  these  variations  on  the  relative 
phase  at  a  fixed  point.  Choosing  this  point  to  be  the  satura¬ 
tion  point  at  1 50  keV,  we  show  the  results  of  variations  in 
beam  voltage  over  the  range  of  140-160  keV  in  Fig.  1 1.  As 
seen  in  the  figure,  the  relative  phase  decreases  with  increas¬ 
ing  beam  energies  between  142.5  and  160  keV  at  the  rate  of 
about  45’AeV.  For  purposes  of  comparison,  this  is  of  the 
order  of  the  variation  calculated  for  free-electron  lasers  op¬ 
erating  in  the  millimeter/submillimeter  regime.13 

As  previously  mentioned,  a  Cerenkov  maser  oscillator 
experiment  has  been  conducted  along  these  lines  by  Garate 
el  at.*  that  mirrors  this  system  configuration  and  detailed 
parameters.  Specifically,  the  experiment  employed  a  boron- 
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FIG.  10.  Evolution  a t  the  relative  phur  venue  axial  poaitioa  for  an  ideal¬ 
ized  beam  wrth  vanishing  axial  energy  spread  at  the  frequency  correspond¬ 
ing  to  the  peak  saturation  efficiency. 


nitride-lined  cylindrical  waveguide  and  an  electron 
with  energies  of  as  much  as  300  keV  and  currents  up  to  ap¬ 
proximately  10  A  over  a  pulse  time  of  as  much  as  2  /jsec. 
Further,  it  was  found  that  an  axial  guide  field  was  necessary 
to  confine  and  propagate  the  beam,  and  an  ««»■!  guide  field 
of  up  to  8  kG  was  possible  in  the  experiment  It  should  be 
remarked  that  the  experimental  results  were  insensitive  to 
the  magnitude  of  the  axial  guide  field  over  the  range  of  2.5-8 
kG,  subject  to  the  requirement  of  beam  confinement  and 
that  this  same  insensitivity  to  the  magnetic  field  has  been 
observed  in  the  simulation.  The  comparison  of  the  results  of 
this  oscillator  experiment  with  the  amplifier  simulation  de¬ 
scribed  herein  must  be  made  under  the  assumption  that  as  a 
result  of  the  short  pulse  time  of  the  beam,  the  oscillator  pro¬ 
duced  a  narrow  linewidth  in  the  vicinity  of  the  frequency  of 
maximum  gain.  As  such,  we  compare  the  output  power  at 
saturation  found  in  simulation  at  the  frequency  of  maximum 
growth  rate  with  that  seen  in  the  experiment 

The  first  experimental  case  we  consider  corresponds  to 
the  parameters  described  previously,  specifically,  that  of  a 
150  keV/8  A  electron  beam  propagating  through  a  boron 


I 


I 


TM  Mode  (R  =  0J  cm;  R  =  4.25  cm;  t  =  4.2) 

•  i  i  * 


FIG  9  Evolution  of  the  wave  number  versus  axial  position  for  an  idealized 
beam  with  vanishing  axial  energy  spread  at  the  frequency  corresponding  to 
the  peak  saturation  efficiency 
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FIG.  1 1.  Variation  in  ike  relative  phase  as  s  function  of  beam  energy  at 
s/X4  -  63,  which  corresponds  to  saruraoon  of  the  signal  for  a  ISO  keV 
beam. 
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nitride  (*  =  4.2)  lined  cylindrical  waveguide  (,R,  =  0.3  cm 
and  A,  =  0.25  cm).  An  output  power  of  approximately  8 
kW  was  observed  in  the  experiment  at  frequencies  above  98 
GHz.  It  should  be  remarked  that  no  more  precise  informa¬ 
tion  is  available  on  the  frequency  characteristics  of  the  out¬ 
put  since  a  98  GHz  high  pass  filter  was  used.  Under  the 
assumption  that  the  radiation  occurs  in  a  narrow  band  about 
the  frequency  of  peak  gain  (i.e.,  104  GHz),  then  the  predict¬ 
ed  variation  in  the  output  power  with  &Yt/Yo>  &  shown  in 
Fig.  3,  is  consistent  with  the  interpretation  that  the  beam 
energy  spread  was  of  the  order  of  1 .0- 1 .5% .  No  more  precise 
association  is  possible  because  of  uncertainties  in  the  power 
measurement  of  up  to  several  decibels. 

A  second  experimental  observation4  deals  with  the  case 
of  an  electron  beam  energy  and  current  of  1 80  keV  and  10  A, 
respectively,  and  the  boron-nitride-lined  waveguide  was  of 
the  dimensions  Rd  =  0.24  cm  and  R,  =  0.29  cm.  An  80 
GHz  high  pass  filter  was  used  in  this  case  since  the  resonant 
frequency  for  a  180  keV  beam  in  this  waveguide  occurs  at 
about  93  GHz,  and  the  observed  output  signal  from  the  de¬ 
vice  was  of  the  order  of  20  k  W.  The  peak  frequency  of  peak 
gain  found  in  simulation  of  this  case  was  shifted  somewhat 
from  the  vacuum  resonance,  and  occurred  at  95.6  GHz.  The 
decrease  in  the  output  power  as  a  function  of  axial  energy 
spread  calculated  in  simulation  is  shown  in  Fig.  12,  which  is 
consistent  with  the  conclusion  that  Ay,/y0s:  1.5951-2.0%. 
This  energy  spread  is  in  reasonable  agreement  with  that 
found  with  the  150  keV/8  A  electron  beam  case,  and  no 
closer  agreement  is  to  be  expected  in  view  of  the  uncertain¬ 
ties  previously  mentioned  in  the  power  measurements. 

IV.  SUMMARY  AND  DISCUSSION 

In  this  paper,  a  fully  three-dimensional  nonlinear  analy¬ 
sis  of  the  Cerenkov  maser  has  been  developed  for  a  configu¬ 
ration  in  which  an  energetic  electron  beam  propagates 
through  a  dielectric-lined  cylindrical  waveguide.  The  analy¬ 
sis  has  been  performed  subject  to  the  assumption  of  azi- 
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FIG  12  Vananon  in  the  maximum  output  power  as  a  function  of  beam 
energy  spread  corresponding  to  the  frequency  of  maaitnum  gain  for  a  ISO 
keV  beam 
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muthal  symmetry  and  includes  a  multimode  analysis  of  the 
TMo.  modes  of  the  vacuum  waveguide.  The  overlap  of  the 
electron  beam  and  the  transverse  structure  of  the  modal  su¬ 
perposition  is  included  in  a  self-consistent  manner,  which 
implicitly  includes  the  filling  factor  in  the  formulation.  The 
electron  trajectories  are  integrated  using  the  Loren iz  force 
equations  with  no  a  priori  restrictions  or  approximations.  In 
contrast,  the  analysis  of  an  amplifier  configuration  permits 
the  restriction  to  a  single  wave  frequency,  which  allows 
Maxwell’s  equations  to  be  averaged  over  a  wave  period.  This 
eliminates  the  fast- time-scale  phenomena  from  the  formula¬ 
tion,  and  results  in  a  major  improvement  in  computational 
efficiency  in  relation  to  particie-in-cell  techniques. 

Numerical  simulations  were  conducted  for  parameters 
corresponding  to  Cerenkov  maser  experiments  conducted  at 
Dartmouth  College,4  which  dealt  with  electron  energies  of 
1 50  and  1 80  keV,  currents  of  8- 10  A,  and  frequencies  in  the 
vicinity  of  100  GHz  in  the  TMo,  mode.  Note  that  the  param¬ 
eters  used  m  this  senes  of  experiments  and  simulations  en¬ 
sure  that  a  resonant  wave-particle  interaction  is  possible 
only  with  this  mode.  Although  we  have  restneted  the  discus¬ 
sion  to  comparison  with  experiments,  further  results  of  the 
simulation  indicate  that  output  powers  in  the  neighborhood 
of  90-110  kW  should  be  possible  for  similar  beams  with 
higher  currents  (but  still  practical)  and  extremely  low  axial 
energy  spreads.  The  output  power  was  found,  both  in  expen- 
ment  and  theory,  to  be  relatively  insensitive  to  the  magni¬ 
tude  of  the  axial  guide  field  as  long  as  the  field  was  strong 
enough  to  confine  the  electron  beam.  In  addition,  the  output 
power  was  found  to  decrease  rapidly  with  increasing  energy 
spread  to  the  point  where  the  efficiency  falls  by  roughly  an 
order  of  magnitude  for  axial  energy  spreads  of  only  a  few 
percent.  This  sensitivity  to  the  energy  spread  is  consistent  to 
within  experimental  uncertainties  with  the  observed  powers, 
which  were  found  to  be  of  the  order  of  8  kW  (at  150  keV) 
and  20  kW  (at  180  keV).  Although  the  energy  spread  asso¬ 
ciated  with  the  experiment  was  unknown,  we  take  this  as 
tentative  confirmation  that  the  actual  energy  spread  in  the 
experiment  was  in  this  range,  which  is  consistent  with  the 
type  of  beams  produced  by  the  barium-oxide  coated  dis¬ 
penser  cathodes  used  in  the  experiment. 

In  view  of  the  power  levels  found  to  be  obtainable  in 
simulation  and  the  simplicity  of  the  configuration,  the  Cer¬ 
enkov  maser  is  an  attractive  competitor  for  gyrotrom,  free- 
electron  lasers,  and  relativistic  klystrons  for  a  wide  variety  of 
applications.  In  particular  the  potentiality  of  producing  sin¬ 
gle  mode  powers  in  excess  of  100  kW  at  a  frequency  in  the 
neighborhood  of  100  GHz  compares  favorably  with  the 
most  recent  results  obtained  with  advanced  gyrotrons, 
which  require  operation  in  extremely  htgh-order  cavity 
modes  and  suffer  from  associated  mode  control  problems. 
Recent  studies  on  an  S-band  Cerenkov  maser  oscillator  by 
Main  era/.’*  produced  approximately  200  MW  at  a  frequen¬ 
cy  of  3.8  GHz.  Furthermore,  while  free-electron  lasers  that 
operate  in  the  far-infrared  wavelengths  have  been  construct¬ 
ed,  they  require  relatively  high  energy  beams  and  complex 
accelerators  for  their  operation.  The  Cerenkov  maser,  in 
contrast,  has  the  potentiality  for  operation  in  this  spectral 
range  with  much  lower  energy  electron  beams. 
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APPENOIX:  THE  DYNAMICAL  EQUATIONS 

The  dynamical  equations  { Eqs.  (16)  and  ( 17) )  are  ob¬ 
tained  by  substitution  of  the  magnetic  field  from  Eqs.  (2) 
and  (4)  and  the  source  current  (12)  into  Maxwell’s  equa¬ 
tions, 

(v’-?£ <An 
We  implicitly  assume  that  the  scalar  potential  associated 
with  beam  space-charge  waivS  is  negligible.  This  is  valid  as 
long  as  ( 1 )  the  beam  plasma  frequency  is  much  less  than  the 
resonant  frequencies  of  interest,  and  ( 2 )  the  exponentiation 
time  of  the  instability  is  much  shorter  than  the  period  of  the 
beam-plasma  waves. 

Substitution  of  the  magnetic  field  from  Eqs.  (2)  and 
(4)  into  ( Al )  yields 


ff-- 

k\  + 

c2 

l=-< 

fid/. 

J  c  1 

\dz 

<o.  sin  a. 


+  2*. ^SA0,  cos  a,  =  —(^67.  -  ).  ( A2 ) 

dz  c  \dz  dr  ) 


within  the  vacuum  for  and 


•  -  i  V  *  „  /  *, 

X  |^-p-  -  k  J  +  K i  sin  a. 

+  2k.  i  SA0,  cos  a.  j  =  0, 


(A3) 


in  the  dielectric  for  R<  <r<,Rt,  where  we  have  neglected 
second-order  derivatives  of  the  amplitude  and  phase,  and 
made  use  of  the  identities 

—  k  J  +  k2,  =  eoj ,/cJ  -  k  \  —  and 

1  +  K'*/k  l  =  e ( 1  -  «i/k  l ).  In  addition,  we  have  assumed 
that  electrons  are  lost  to  the  interaction  after  impact  to  the 
dielectric. 

The  radial  variation  of  the  magnetic  field  satisfies  the 
orthogonality  condition 


«<*  **o  a. 


+  2k.  i  cos  a.  j 

<A5) 

If  we  multiply  (A5)  by  cos  a.  and  sin  a.  and  then  avenge 
these  equations  over  a  wave  period,  we  obtain 


-~-Ia(K.r)&J^an  a . 


(A6) 


and 


( A7) 


where  we  have  integrated  by  parts  over  the  radial  integral. 

The  source  current  has  the  functional  dependence 
SJ  =  SJ0(z)/{a, )  because  it  depends  upon  the  response  of 
the  electron  beam  to  the  electromagnetic  wave,  where  6J0{z) 
describes  slow  variations  in  the  current  as  a  result  of  the 
growth  or  damping  of  the  wave  and /la, )  describes  the  rap¬ 
id  sinusoidal  variation.  As  a  consequence. 


_LiL 

k,  dz 


(A8) 


which  is  correct  to  within  terms  of  order  d(8A^,  )/dz.  Neg¬ 
lecting  the  effect  of  these  terms  on  the  source  integrals,  we 
substitute  ( A8)  for  8J,  into  (A6)  and  ( A7)  and  integrate  by 
parts  over  the  time  integral  to  obtain 


=  -^7 1  *j[  ■*•«(/, 

-  sina.^ 


(A9) 


f  dr rIl(K,r)Il(irmr) 

2  Jo 

+  ^rrT  +  rl‘.M<n 

*.Km 

+  ( A4) 

and  hence  we  obtain 


and 


"3^7 1  d‘idr 


( AlO) 
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The  dynamical  equations  [Eqs.  ( 16)  and  ( 17)]  are  obtained 
by  substitution  of  the  source  current  in  Eq.  (12)  into  ( A9) 
and  ( A10). 
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A  nonlinear  simulation  of  the  Cherenkov  maser  amplifier  is  presented  for  a  configuration  in  which  an 
electron  beam  propagates  through  a  dielectric-lined  cylindrical  waveguide.  The  parameters  used  corre¬ 
spond  to  an  experiment  at  General  Dynamics  which  measured  a  total  efficiency  of  11.5%  at  8.(  GHz. 
The  simulation  is  in  agreement  with  this  but  indicates  that  the  system  was  too  short  to  reach  saturation 
and  that  an  efficiency  of  30%  would  have  been  possible  for  a  longer  system,  and  the  performance  is  not 
significantly  degraded  by  thermal  spreads  up  to  20%. 

PACS  numbers:  42.52. ♦«.  52.25.Sw.  52.75.Mi.  15  lO.Jz 


The  Cherenkov  maser  has  been  demonstrated  over  a 
broad  spectral  range  and  operates  by  means  of  an  in¬ 
teraction  between  an  energetic  electron  beam  and  a  sub- 
luminous  (or  slow)  electromagnetic  wave.  Wave-particle 
resonance  occurs  when  the  wave  phase  and  particle  ve¬ 
locities  are  in  synchronism.  While  orotrons  and  back¬ 
ward-wave  oscillators  succeed  in  slowing  the  electromag¬ 
netic  wave  to  subluminous  velocities  by  means  of  a  grat¬ 
ing  or  a  npple  imposed  on  the  waveguide  walls,  the 
Cherenkov  maser  achieves  this  effect  by  means  of  a 
dielectric  liner.  Cherenkov  masers  have  been  built  and 
operated  at  100-kW  power  levels  at  I -mm  wave¬ 
lengths,  '*J  at  200- MW  power  levels  at  8-cm  wave¬ 
lengths,4  as  well  as  at  wavelengths  as  short  as  in  the  far 
infrared  at  100  >im  5 

In  the  present  work,  we  describe  a  comparison  be¬ 
tween  a  nonlinear  formulation  of  the  Cherenkov  maser 
amplifier6  and  an  expenment  conducted  at  General  Dy¬ 
namics.  7  This  expenment  achieved  a  total  output  power 
of  280  MW  at  a  frequency  of  8.6  GHz,  and  provides  the 
motivation  for  the  present  use  of  the  nonlinear  model  to 
investigate  the  feasibility  of  a  high-power  Cherenkov 
maser  amplifier.  The  nonlinear  theory  is  in  substantial 
agreement  with  the  experimental  measurements  for  the 
quoted  beam  and  waveguide  parameters.  However,  the 
theory  indicates  that  the  experiment  was  too  short  to 
reach  saturation,  and  that  a  total  output  power  in  the 
neighborhood  of  800  MW  could  have  been  achieved  with 
a  longer  system.  The  response  of  the  system  to  the  beam 
thermal  spread  is  also  remarkable  in  that  the  gain  and 
saturation  efficiency  are  not  substantially  degraded  by 
energy  spreads  as  high  as  20%. 

The  configuration  employed  in  the  nonlinear  formula¬ 
tion  is  that  of  an  electron  beam  propagating  through  a 
cylindrical,  dielectric-lined  waveguide.  We  use  Rf  and 
Re  to  denote  the  inner  radii  of  the  waveguide  and  dielec¬ 
tric  liner  (with  a  dielectric  constant  of  *),  respectively. 
The  boundary  conditions  imposed  on  the  electromagnetic 
field  are  satisfied  by  expanding  the  held  in  terms  of  the 
normal  modes  of  the  vacuum  waveguide.  The  beam  in¬ 
teracts  with  the  parallel  component  of  the  electric  field 


and  couples  primarily  with  the  TM  modes.  We  make 
the  further  assumption  of  azimuthal  symmetry,  and  rep¬ 
resent  the  field  as  an  expansion  of  the  TMo,  modes  of 
the  vacuum  waveguide,1  for  which 


<5E(x,/)“-  £  —SA( j,  Z|„(r)e,sina, 

«-i  c 


8BUj)--  I  *. 

•«i 


+  -~-Zom(r)i:<x&a,  , 
k, 

.2  ' 

y  SAomZ \m(r)its\nam , 


(1) 

(2) 


where  &Aq*  measures  the  amplitude  and  has  the  dimen¬ 
sions  of  a  vector  potential.  a>  and  k„  denote  the  frequen¬ 
cy  and  wave  number,  and 


a„*f0  dz‘k,(z') -tot  (3) 

is  the  phase  of  the  TM&,  mode.  Both  the  amplitude  and 
the  wave  number  are  assumed  to  be  slowly  varying  func¬ 
tions  of  z  in  the  sense  that  both  vary  slowly  with  respect 
to  the  wavelengths  of  interest.  The  radial  dependence  of 
these  eigenmodes  is  given  by  (/  “0. 1 ) 

0<r</f^, 

a,y/(ri/’)  +  6,K/(rir),  Re<r<Rt,  ^ 

where  J„  and  Y,  represent  the  regular  Bessel  and  Neu¬ 
mann  functions,  /,  denotes  the  modified  Bessel  function 
of  the  first  kind,  and 
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Both  c,  and  are  analogs  of  the  cutoff  wave  numbers  and  are  defined  by 

(6) 

ut  the  vacuum,  and 

tat2lc  :-*.J  +  r;2  (7) 

in  the  dielectric.  It  should  be  remarked  that  the  choice  of  k,  in  Eqs.  (6)  and  (7)  denotes  the  vacuum  value  which,  un¬ 
der  the  present  assumptions,  is  the  initial  condition  for  the  wave  number.  The  vacuum  dispersion  equation1'5  for  this 
configuration  is 


Mr,*,)  Ko(r;/?f)yi(g;^)-y0(«-;/?t)Y|(r;^) 

which,  in  combination  with  Eqs.  (5)  and  (6),  relates  at  and  k„. 

The  dynamical  equations  which  govern  the  evolution  of  the  slowly  varying  amplitude  and  phase  have  been  derived  by 
Freund  and  Ganguly.6  The  dispersion  of  each  mode  in  the  presence  of  the  electron  beam  is  described  by 


*~-k.2  +  r.2 


Soom  “  ~T  ( 1 1  k„/) 'TT  cosa*  ~  -r-fo(r,r)sina, )  , 
A,c2  \  kl  k„  / 


(9) 


where  »4jw»*eJ/m,  is  the  square  of  the  beam-plasma  frequency  and  Saom  me&Aom/mtc.  The  amplification  (or  damp¬ 
ing)  of  each  mode  is  given  by 
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It  is  dear  from  Eq.  (10)  that  the  derivative  of  the  amplitude  is  zero  when  a>»  *0.  and  there  is  no  amplification  of  the 
modes  in  the  absence  of  the  beam.  The  neglect  of  beam  space-charge  modes  from  the  formulation  is  valid  as  long  as 
( I )  att, «  «,  and  (2)  the  exponentiation  time  is  much  less  than  the  period  of  the  beam-plasma  wave. 

The  averaging  operator  is  defined  over  the  initial  conditions  of  the  beam,  and  includes  the  effect  of  an  initial  momen¬ 
tum  spread  by  means  of  the  distribution  function 

Fa(po)  mAexpl-(pto-po)2/Ap/1S(pS  ~Pio  ~  P&Hfpzo)  ,  (12) 


where  po  and  Ap.  describe  the  initial  bulk  momentum  and  momentum  spread,  Hix)  is  the  Heaviside  function,  and  the 
normalization  constant  is 

A*  (aJ^dp^expl-^o-po^/Ap*)]  (13) 

Observe  that  this  distribution  describes  a  beam  which  is  monoenergetic  but  with  a  pitch-angle  spread  which  is 
equivalent  to  an  axial  energy  spread  of 

Ar,/ro*l  -Il  +  2(y^-  l)Sp,/pa]~m.  (14) 


where  yo*(l  +p^/m,JcJ)l/J.  As  a  result,  the  averaging  operator  takes  the  form 


<(■•■)>« 


2  xRj 
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(15) 


where  wo  (■  — o)  i*  the  initial  phase,  ^o*tan  ~{(pro/ptoh  Pzom<-'to/c<  and  oi(ro)  and  ex{ro)  describe  the  initial 
beam  distributions  in  phase  and  cross  section. 

In  order  to  complete  the  formulation,  the  electron-orbit  equations  must  be  specified  as  well.  Since  we  are  interested 
in  amplifier  configurations,  we  integrate  the  complete  Lorentz-force  equations  in  z  using  an  axial  guide  magnetic  field  to 
provide  for  the  confinement  of  the  beam,  and  the  electromagnetic  field  given  in  Eqs.  ( I )  and  (2). 

This  formulation  is  used  to  investigate  a  recent  amplifier  experiment  conducted  at  General  Dynamics7  which 
employed  an  intense  relativistic  electron  beam  (788  keV  and  3.1  kA)  produced  by  a  cold  “knife-edge"  cathode  which 
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resulted  in  an  annular  beam  with  a  mean  radius  of  ap¬ 
proximately  1.15  cm  and  a  thickness  of  2  mm.  After 
correction  for  the  space-charge  depression,  therefore,  the 
beam  energy  is  of  the  order  of  736  keV.  No  diagnostic 
measurement  of  the  beam  quality  (i.e.,  thermal  energy 
spread)  was  made.  The  dielectric-lined  waveguide  em¬ 
ployed  Stycast  (c“I0)  and  had  radii  R,*!.74  cm  and 
Rs  "  1 .47  cm.  The  dielectric  had  a  3.3-cm  taper  at  both 
ends  to  suppress  oscillation,  and  a  uniform  central  region 
which  was  23.9  cm  in  length.  Beam  transport  was  ac¬ 
complished  with  a  15-kG  soknoidal  magnetic  field.  The 
amplifier  was  driven  by  a  200-kW  magnetron  which  was 
tunable  over  the  band  from  8.4  to  9.6  GHz.  The  mode 
conversion  process  from  the  TEio  rectangular  mode  of 
the  magnetron  to  the  TMoi  mode  of  the  dielectric-lined 
waveguide  was  accomplished  at  an  expected  efficiency  of 
30%  at  a  frequency  of  8.6  GHz  for  a  total  injected  power 
of  approximately  100  kW.  Note  that  at  these  frequen¬ 
cies  it  is  only  the  TMoi  mode  which  can  interact  with  the 
beam.  A  total  gain  of  34.5  dB  (1.44  dB/cm  over  the  uni¬ 
form  dielectric)  was  observed  at  a  power  level  of  approx¬ 
imately  280  MW  (for  an  efficiency  of  11.5%),  with  an 
ancertainty  of  approximately  3  dB. 

Simulation  of  this  experimental  configuration  is  in 
reasonable  agreement  with  the  observations,  and  shows 
that  the  power  has  not  saturated  over  the  23.9-cm  length 
of  the  uniform  dielectric.  As  a  result,  the  power  predict¬ 
ed  in  simulation  over  this  length  shows  a  substantial  sen¬ 
sitivity  to  the  specific  chotce  of  any  parameter  which  will 
modify  the  linear  gain,  (n  particular,  the  simulation  ex¬ 
hibits  a  larger  sensitivity  to  the  choice  of  the  thickness  of 
the  dielectric  than  to  any  of  the  electron-beam  parame¬ 
ters.  For  example,  given  the  choice  of  R4  — 1.47  cm,  the 
simulation  predicts  a  power  level  of  approximately  60 
MW  over  the  23.9-cm  length  of  the  uniform  dielectric. 
However,  there  is  an  uncertainty  in  the  thickness  of  the 
dielectric  which  is  of  the  order  of  ±  0.003  cm,  and  arises 
due  to  the  fabrication  of  the  liner.  In  this  regard.  Sty- 
cast  (which  is  a  cold-pressed  ceramic)  must  be  machined 
to  fit  within  the  waveguide. ’  If  we  choose  a  value  of 
Rs  **1.475  cm  corresponding  to  a  thinner  dielectric,  then 
the  power  found  in  simulation  over  this  length  rises  to 
approximately  131  MW,  which  is  within  the  uncertainty 
in  the  experimental  measurement  of  the  power.  This 
sensitivity  to  the  parameters  is  largely  confined  to  the 
linear  gain  and  results  from  a  variation  in  the  dielectric 
effect  of  the  liner  which  modifies  the  tuning  of  the  reso¬ 
nance  within  the  gain  band.  The  saturated  power  is  not 
substantially  altered  by  variations  in  Rs  over  this  range, 
and  we  find  that  the  saturated  power  rises  from  approxi¬ 
mately  600  to  620  MW  as  the  inner  radius  of  the  dielec¬ 
tric  changes  from  1.47  to  1.475  cm.  Since  the  larger 
figure  for  Rs  is  in  better  agreement  with  the  observations 
and  is  within  the  range  of  experimental  uncertainty,  we 
shall  use  this  value  henceforth  in  the  numerical  analysis 
of  the  experiment. 

The  gain  band  is  found  in  simulation  to  cover  the 


range  of  approximately  7  8-8.8  GHz,  and  the  efficiency 
at  saturation  for  an  ideal  beam  (i.e..  Ay,  -0)  increases 
from  16.4%  at  7.8  GHz  to  approximately  30.3%  at  8.8 
GHz.  A  graph  of  the  evolution  of  the  power  and  gain 
versus  axial  distance  is  shown  in  Fig.  I  for  an  ideal  beam 
at  a  frequency  of  8.6  GHz.  Observe  that  the  power  satu¬ 
rates  after  a  length  of  approximately  28  cm  at  a  level  of 
620  MW  for  an  efficiency  of  31.6%.  The  average  gain 
over  this  interaction  is  in  the  neighborhood  of  1.4- 1.6 
dB/cm  which  is  also  in  reasonable  agreement  with  the 
observations.  It  should  be  remarked  that  the  fluctuation 
evident  in  the  gain  is  related  to  the  launching  loss  of  the 
signal,  which  introduces  a  fluctuation  in  the  response  of 
the  beam  to  the  wave.  In  most  systems  this  fluctuation  is 
observed  to  decay  away  leaving  a  relatively  constant 
growth  rate.  However,  the  growth  rate  is  so  large  in  the 
present  example  that  these  fluctuations  are  unable  to 
completely  decay  prior  to  the  saturation  of  the  signal. 
These  fluctuations  are  also  manifested  in  the  evolution  of 
the  power,  but  are  not  visible  when  plotted  on  a  logarith¬ 
mic  scale.  As  mentioned  previously,  the  power  level 
reached  after  23.9  cm  is  approximately  131  MW,  which 
is  consistent  with  the  observations  given  the  experimental 
uncertainty.  It  is  evident  that  the  experiment  was  too 
short  to  reach  saturation. 

The  effect  of  beam  thermal  spread  is  shown  in  Fig.  2 
in  which  the  efficiency  is  plotted  as  a  function  of  the  en¬ 
ergy  spread  at  8.6  GHz.  It  is  dear  from  the  figure  that 
the  interaction  is  remarkably  insensitive  to  the  beam 
thermal  spread,  and  the  saturation  efficiency  is  not 
significantly  degraded  by  energy  spreads  as  high  as 
(20-25)%.  In  order  to  explain  such  a  high  tolerance  for 
energy  spreads,  it  should  be  noted  that  the  thermal  re¬ 
gime  occurs  at  progressively  higher  energy  spreads  as  the 
growth  rate  increases  for  any  interaction  mechanism, 
whether  Cherenkov  maser,  free -electron  laser,  or  cyclo¬ 
tron  maser.  Since  this  mechanism  relics  on  the  Cheren¬ 
kov  resonance  in  which  m-kv » «w  0,  thermal  effects  be¬ 


ll  5  10  15  20  25  30 
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FIG.  1.  Graph  of  the  evolution  of  the  power  (solid  line)  and 
gain  (dashed  line)  with  axial  distance. 
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TM  Mode  (R  =  1.74  cm;  R  =  1.475  cm;  e  =  101 
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FIG.  2.  Graph  of  the  variation  of  the  saturation  efficiency  vs 
axial  energy  spread. 


come  important  when  Au»/o»  *  Imk/ReA:.  In  this  case, 
the  growth  rate  due  to  the  intense  beam  is  extremely 
high  with  lmJfcasO.18  cm-1.  Since  Rek  »  2.35  cm  \ 
this  gives  Ar4/p*  ®  7.5%  which  (using  Eq.  (14)]  corre¬ 
sponds  to  an  axial  energy  spread  of  Ay.-/yo~  24%. 

In  view  of  the  power  levels  found  both  in  the  laborato¬ 
ry  and  in  simulation,  the  simplicity  of  the  configuration, 
and  the  relative  insensitivity  to  beam  thermal  effects  in 
the  case  of  intense  relativistic  electron  beams,  the 
Cherenkov  maser  is  an  attractive  competitor  for  gyrot- 
rons.  free-electron  lasers,  and  relativistic  klystrons  for  a 
wide  variety  of  applications.  In  particular,  the  potential¬ 
ity  of  producing  single-mode  powers  in  excess  of  700 
MW  at  frequencies  in  the  neighborhood  of  9  GHz  com¬ 
pares  favorably  with  recent  results  obtained  with  relativ¬ 
istic  klystrons;10  "  however,  unlike  the  relativistic  klyst¬ 
ron,  the  Cherenkov  maser  is  easily  scalable  to  higher  fre¬ 
quencies.  Indeed,  it  is  anticipated  that  the  level  of  per¬ 
formance  demonstrated  herein  at  8.6  GHz  can  be 
achieved  at  frequencies  as  high  as  35  GHz  as  well.  It 
should  be  remarked  that  Cherenkov  masers  based  upon 
dielectric  liners  can  exhibit  both  dielectric  and  mechani¬ 


cal  breakdown  at  high  power  levels,  and  that  these 
effects  may  have  operated  to  limit  the  power  and/or 
pulse  length  in  the  experiment  at  General  Dynamics.* 
However,  this  configuration  represents  only  one  ap¬ 
proach  to  the  interaction,  and  other  slow-wave  structures 
may  be  used  to  overcome  these  difficulties.  In  general, 
this  device  falls  into  the  category  of  relativistic  intense- 
beam  traveling-wave  tubes  (TWTs),  and  similar  levels 
of  performance  have  been  obtained  using  a  rippled-wall 
slow-wave  structure  in  both  backward- wave  oscillators12 
and  TWT  amplifiers. 1 3 
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Measurement*  of  millimeter  and  submillimeter  wavelength  emission  ( 240  GHz  <  qj/2v  <  470 
GHz)  from  a  free-electron  laser  are  reported.  The  laser  operates  as  a  superradiant  amplifier 
and  without  an  axial  guide  magnetic  field;  focusing  and  transport  of  the  electron  beam  through 
the  wiggler  interaction  region  are  achieved  by  means  of  the  btfilar  helical  wiggler  field  itself. 
Approximately  18  MW  of  rf  power  has  been  observed  at  a  frequency  of  470  GHz, 
corresponding  to  an  electronic  efficiency  of  0.8%.  Frequency  spectra  are  measured  with  a 
grating  spectrometer  and  show  linewidths  £uo/co~2%-~h%  The  experimental  results  are  in 
very  good  agreement  with  nonlinear  numerical  simulations. 


I.  INTRODUCTION 

The  free-electron  laser  (FEL)  has  long  been  looked  to 
as  a  promising  source  of  coherent  radiation  in  wavelength 
regimes  that  are  otherwise  difficult  to  access.  To  date,  most 
experiments  have  been  concentrated  in  the  visible-to-in- 
frared  wavelength  range1  and  in  the  microwave  range. J'5 
Some  experiments  have  operated  in  the  vicinity  of  400  fi m 
wavelengths,**  ’  but  observed  very  low  electronic  efficiencies 
(/>«ao//>8f*m  -  3  x  10*’).  Recent  advances  in  electron 
guns  applicable  to  FEL  experiments"  were  essential  to  the 
operation  of  the  present  experiment  at  high  power  (/\,AO 
=  18  MW)  and  reasonable  efficiency  (Fbad/^beam 
-0  01). 

A  FEL  produces  coherent  radiation  by  inducing  a  co¬ 
herent.  periodic,  undulation  in  the  trajectory  of  an  electron 
beam.  This  undulation  is  effected  by  the  application  of  a 
periodic  "wiggler*’  magnetic  field,  which  bends  the  electron 
paths  in  the  plane  transverse  to  the  applied  field.  For  the  case 
of  a  helical  wiggler  field, 

B  =  B„(i  cos  *„z  +  y  sin  kmz),  (1) 

the  electron  trajectories  are  helices  of  the  same  periodicity, 
but  ir/2  out  of  phase  with  the  magnetic  field.  In  Eq.  ( I ),  Bm 
is  the  amplitude  of  the  wiggler  magnetic  field,  and  km 
=  2ir/A,' .  where  is  the  period  of  the  wiggler  field.  The 
output  frequency  of  the  FEL  is  given  approximately  by 

w  =  ( 1  +  0X  )^*„t>,.  (2) 

Here  y,  is  the  relativistic  factor  y,  =  ( 1  —  0  j )  “ l/3, 

—  o,/c,  v,  is  the  axial  velocity  of  the  electron,  and  c  is  the 
speed  of  light  in  vacuum.  The  factor  of  y\  allows  for  large 
upshifts  in  the  FEL  frequency  by  variation  of  the  electron 
beam  energy,  and  is  the  reason  FEL’s  have  been  able  to  oper¬ 
ate  in  frequency  ranges  spanning  many  orders  of  magnitude. 

A  btfilar  helical  winding  is  employed  to  produce  the 
helical  wiggler  magnetic  field.  The  nonzero  transverse  gradi- 
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ent  and  nonzero  axial  component  of  this  field**  act  to  focus 
the  electrons,  and  no  axial  guide  field  is  necessary  For  a 
high-quality  electron  beam,  a  modest  wiggler  field  ampli¬ 
tude  is  sufficient  to  focus  and  transport  Itiloamperes  of  cur¬ 
rent  through  the  wiggler  interaction  region.  Using  the 
wiggler  field  to  provide  focusing  and  transport  simplifies  ac¬ 
cess  to  the  experimental  system  and  entirely  removes  the 
requirement  for  a  large  power  supply  or  superconducting 
magnet  to  provide  the  focusing  and  transport  fields.  The 
absence  of  an  axial  guide  field  also  avoids  the  possibility  of 
exciting  unwanted  absolute  and  convective  instabilities  of 
the  gyrotron  and  cyclotron-maser  variety.10 

A  previous  effort  to  use  the  wiggler  field  for  focusing1 1 
was  able  to  transport  only  about  25%  of  the  electron  beam. 
The  fraction  of  the  beam  current  that  was  caught  in  the 
wiggler  focusing  fields  was  successfully  transported,  and  the 
major  cause  of  beam  loss  was  attributed  to  poor  beam  quali¬ 
ty.  In  the  present  experiment,  most  of  the  electron  beam 
current  is  successfully  injected  and  transported  the  full 
length  ( 1.5  m)  of  the  wiggler  interaction  region 

Our  FEL  is  operated  as  a  single-pass  supenadiant  am¬ 
plifier,  where  the  input  signal  arises  from  noise  or  spontane¬ 
ous  emission.  The  output  radiation  is  characterized  by  mea¬ 
surements  of  the  total  power,  power  gain,  and  frequency 
spectrum.  Data  are  obtained  as  functions  of  the  wiggler  field 
strength  and  the  electron  beam  energy  The  FEL  output  fre¬ 
quency  is  tuned  from  240  to  470  GHz  by  variation  of  the 
electron  beam  energy  For  a  2.3  MeV,  930  A  electron  beam 
we  measure  an  output  power  of  1 8  MW  at  an  output  frequen¬ 
cy  of  470  GHz.  Measurements  of  power  gain  for  these  same 
parameters  show  that  this  output  power  has  not  yet  reached 
saturation.  Frequency  spectra  are  measured  using  a  grating 
spectrometer  and  show  linewidths  ^co/co  —  2%-4%. 

The  observations  are  compared  with  theoretical  analy¬ 
ses  of  the  experimental  configuration  based  on  the  nonlinear 
simulation  code  arachne.  1 ’**  The  arachne  simulation 
follows  the  evolution  of  an  arbitrary  number  of  vacuum 
waveguide  modes  coupled  with  an  ensemble  of  electrons. 
The  simulation  is  fully  three  dimensional  and  self-consis- 
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FIG  I  The  schematic  layout  of  this  ex¬ 
periment 


tently  includes  the  overlap  of  the  electron  beam  and  the  radi¬ 
ation  field  of  each  mode.  Neither  self-field  nor  space-charge 
effects  are  included  in  the  simulation,  which  is  valid  m  the 
strong-pump  Compton  regime  of  the  FEL  interaction.  Sim¬ 
ple  one-dimensional  criteria17  suggest  that  these  experi¬ 
ments  are  in  the  collective,  Raman  regime  where  RF  space- 
charge  effects  cannot  be  neglected.  However,  the  arachne 
simulations  that  neglect  space-charge  effects  are  in  close 
agreement  with  the  experimental  results.  This  would  suggest 
that  in  our  parameter  regime,  three-dimensional  effects  have 
reduced  the  effects  of  rf  space  charge  and  have  blurred  any 
distinction  between  the  Compton  and  Raman  regimes  of  op¬ 
eration. 

II.  EXPERIMENT 

A  schematic  illustration  of  the  experimental  layout  is 
shown  in  Fig.  1  The  Pulserad  1 10  A  accelerator  (pulse 
length  r—  30  nsec,  Vn  =  14  MV,  /„  =  32  kA.  impedance 
Z„  =  43  H)  terminates  in  the  electron  gun,  which  acts  as  a 
mismatched  load  (Z,„„  -  300  11 )  resulting  in  an  accelerator 
output  voltage  of  —  2  MV  and  an  accelerator  output  current 
of  —7  kA.  The  electron  gun  is  a  five-stage  multielectrode 
field  emission  electron  gun  shown  in  Fig.  2.  The  electron 
beam  is  generated  in  the  gap  between  the  cathode  and  first 
anode  ( A I )  by  field  emission  from  an  emitting  surface  em¬ 
bedded  in  the  cathode  The  aperture  in  the  first  anode  is 
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FIG  2  crou-teci tonal  v»*w  of  multistage  electron  gun  used  in  these 

experiments 


covered  with  an  80*$  transmitting  molybdenum  mesh.  The 
resultant  beam  is  accelerated  to  the  full  applied  voltage  by 
stages  two  through  five.  The  aperture  in  the  last  anode  (A5) 
is  also  covered  with  an  80%  transmitting  molybdenum 
mesh.  The  purpose  of  the  two  meshes  is  to  reduce  the  effects 
of  fringing  fields,  which  induce  temperature  in  the  beam. 

The  cathode  plate  is  a  spin-formed  aluminum  disk  with 
a  cylindrical  hole  in  the  center,  allowing  the  insertion  of  a 
plug  of  emitting  material  The  entire  surface  of  the  cathode, 
with  the  exception  of  the  small  emitting  area,  is  anodized  to 
minimize  undesired  emission.  The  hard  aluminum  oxide 
( anodized )  coating  has  a  thickness  of 0  05  mm.  The  voltages 
on  the  successive  anodes  A 1-A4  are  (  -  (K,,,  -  [V^, 

—  *  K >),  where  is  the  full  accelerator  voltage.  For  a  2  MV 
beam,  for  example,  the  successive  voltages  in  megavolts 
from  the  cathode  to  the  last  anode  are  (  -  2,  -  1.5,  -  0  5, 

-  0  25,  0  0)  This  division  is  achieved  by  means  of  an  axi- 
symmetnc,  cylindrical  copper  sulfate  voltage  divider  (see 
Fig.  2)  with  which  the  electrodes  are  in  electrical  contact. 
Typically,  the  total  resistance  of  this  divider  equals  ~400fl. 
The  shapes  of  the  electrodes  are  designed1*  with  the  view  of 
balancing  the  self-electric  and  self-magnetic  fields  of  the 
beam  so  as  to  produce  a  paraxial  electron  beam  of  radius 
r=  2.5  cm.  Earlier  experiments  investigated  the  emittance,' 
and  the  temporal  evolution  of  the  emittance,  '*  as  a  function 
of  the  cathode  material  and  the  applied  electric  field  in  the 
cathode-anode  gap.  The  present  FEL  measurements  are 
conducted  using  a  2.0  cm  diameter  reactor  graphite  cathode 
at  a  K  -  A  gap  of  1.55  cm.  The  measured  tune-integrated 
normalized  emittance  for  this  configuration  is  e. 

=  52  x  10  '  (irem  rad),  for  a  beam  energy  of 2  3  MeV  and 

a  beam  current  of  930  A.  Ty  pical  voltage  and  current  pulse 
traces  are  shown  in  Fig.  3. 

The  electron  beam  emerging  from  the  multistage  gun  is 
transported  and  focused  into  the  wiggler  by  thin  solenoid 
lenses.  The  configuration  of  a  large  diameter  coil  at  the  elec¬ 
tron  gun  output,  combined  with  a  smaller  diameter  coil  posi¬ 
tioned  over  the  wiggler  entrance,  is  shown  in  Fig.  4.  This 
combination  provides  us  with  substantial  flexibility  in 
choosing  the  axial  position  and  radius  of  the  electron  beam 
waist,  while  at  the  same  time  minimizing  any  increase  in 
electron  beam  emittance  produced  by  spherical  lens  aberra¬ 
tion.  The  large  diameter  coil,  which  takes  the  beam  emerging 
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FIG  3  Typical  voltage,  beam  current,  and  microwave  output  waveforms. 


from  the  electron  gun  and  focuses  it  into  the  drift  tube,  has 
an  inner  radius  of  14.5  cm,  an  axial  thickness  of  2.0  cm,  a 
radial  thickness  of  1 . 5  cm,  and  approximately  200  turns  of  1 8 
A  WG  copper  wire.  Peak  axial  fields  under  the  center  of  this 


coil  are  typically  1-2  kG.  The  second  thin  coil  has  an  inner 
radius  of  5.0  cm,  an  axial  thickness  of  I  0  cm,  a  radial  thick¬ 
ness  of  1.6  cm,  and  approximately  100  turns  of  18  AWG 
copper  wire.  Peak  axial  fields  under  the  center  of  this  coil  are 
typically  in  the  range  3-6  kG.  In  all  cases,  the  magnetic  field 
at  the  cathode  surface  due  to  the  external  focusing  coils  is 
measured  to  be  less  than  20  G  This  is  important  because  the 
electron  gun  is  designed  to  be  electrostatically  focused. 
Within  the  limits  imposed  by  the  need  to  confine  and  trans¬ 
port  the  electron  beam,  the  coil  parameters  are  chosen  to 
minimize  the  induced  emittance  caused  by  spherical  aberra¬ 
tion  in  the  coils. 20  21 

The  electron  beam  is  focused  and  transported  through 
the  wiggler  interaction  region  by  the  wiggler  field  itself.  The 
magnetic  field  of  a  finite  radius-infinite  length  bifilar  helical 
wiggler  magnet  is  given  by* 

»*,  «  (*.r)cos(0  -  km2)  -  e. 

l  kmr 

Xsin(0-  kmz)  +  e,/,(k„r)sin(®- k„7)J, 

(3) 

where  /,  is  the  modified  Bessel  function  and  km  is  the  wave- 
number  associated  with  the  wiggler  period,  r  is  the  radius  of 
the  electron  orbit,  and  higher  spatial  harmonics  have  been 
neglected.  Using  this  field,  and  in  the  limit  of  modest  wiggler 
field  amplitude  such  that  R>>rwy%,  where  Rb  is  the  electron 
beam  radius  and  r ^  is  the  radial  amplitude  of  the  wiggler 
induced  oscillations,  it  is  possible  to  derive  the  space-charge 
dominated  and  emittance  dominated  equilibrium  radii. 

=(c/fU(2//17nff)'/2,  (4) 

R,  =  (e.c/ft.)*'1.  (5) 

where 


FIG  t.  The  asial  magnetic  field  profile 
of  l he  (bin  vole notd  focusing  cals  used 
to  inject  the  electron  beam  into  the 
wtgglcr  magnet  (lop),  and  the  corre¬ 
sponding  croai  section  of  the  beam 
transport  hue  showing  the  cal  posrtwm. 
the  placements  of  the  Rogowiki  cob. 
and  the  position  of  the  bifilar  wiggler 
windinp  ( bottom ) 
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ft„ -(*a.//w)[2/,(*.«,  )/kwRk  ].  (6) 

In  these  equations,  /  is  the  beam  current  in  kiloamperes  and 
f,  is  the  normalized  emittance  given  by  e,  =  y0x6d, ,  where 
Y  is  the  relativistic  energy  factor,  and  x  and  86,  =  (6v,  )/v, 
are  the  semiminor  and  semi  major  axis  of  an  elliptical  con¬ 
tour  in  phase  space  that  encloses  90%  of  the  beam  electrons. 
These  radii  are  derived  within  the  framework  of  the  beam 
envelope  equation22  and  are  valid  for  a  uniform  density 
cross-section  electron  beam.  Deviations  from  this  density 
profile  result  in  larger  equilibrium  radii.22 

The  wiggler  magnet  is  a  bifilar  helical  winding  with  a 
period  of  3. 14  cm  and  a  radius  of  1.28  cm.  The  helices  are 
wound  with  #12  AWG  copper  wire  into  a  machined  linen 
phenolic  tube.  This  phenolic  tube  slides  over  a  stainless  steel 
drift  tube  (i.d.  =0  8  cm,  wall  thickness  =  0.15  cm).  The 
six-period  entrance  taper  to  the  wiggler  magnetic  field  is 
achieved  by  gradually  tapping  off  the  current  in  the  windings 
with  pairs  of  resistive  ring  terminations  placed  every  haif- 
penod  of  the  wiggler  winding.24  The  resistive  terminations 
are  made  from  nichrome  wire  flashed  with  a  very  fine  copper 
coating.  This  copper  coating  is  necessary  to  insure  good  elec¬ 
trical  contact  between  the  resistive  termination  and  the  cop¬ 
per  wiggler  winding.  This  method  of  tapering  the  wiggler 
field  results  in  a  very  smooth  entrance. 

The  focusing  properties  of  the  bifilar  helical  wiggler  are 
demonstrated  by  measuring  the  transmitted  current  as  a 
function  of  axial  position  within  the  wiggler  interaction  re¬ 
gion.  The  electron  beam  current  is  measured  at  any  axial 
position  inside  the  drift  tube  by  a  small,  moveable  current 
probe.  This  probe  consists  of  a  POCO  graphite  current  col¬ 
lector,  carbon  based  (low  inductance)  shunt  resistors,  and  a 
0  25  in.  diam,  50  ft  rigid  coaxial  cable.  The  current  probe  is 
fitted  with  a  collector  of  a  radius  larger  than  the  estimated 
electron  beam  radius.  A  senes  of  discharges  is  taken  for  a 
given  set  of  accelerator  parameters,  focusing  fields,  and 
wiggler  field  strength,  while  varying  the  axial  position  of  the 
probe.  A  set  of  such  measurements  is  shown  in  Fig.  5.  In 
these  measurements  the  on-axis  wiggler  field  is  B„  ~  1275 
G.  As  can  be  seen,  all  of  the  electron  beam  current  is  focused 


FIG  3  Tlx  tr»nimitt«l  electron  be»m  current  as  a  function  of  distance  in 
the  *i|£ler  interaction  region,  measured  for  different  electron  beam  param¬ 
eters  In  all  caaea,  I.  *  1 273  G 
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into  the  wiggler  region  and  remains  confined.  There  is  a 
<20%  loss  of  current  between  the  electron  gun  exit  and  the 
drift  tube  entrance.  This  represents  that  portion  of  the  beam 
that  was  initially  scattered  by  the  last  molybdenum  mesh  in 
the  electron  gun  and  thus  acquired  too  much  perpendicular 
temperature  to  be  focused  by  the  magnetic  lenses.  The  pol¬ 
ished  graphite  collectors  used  on  the  probe  to  measure  the 
transmitted  current  also  serve  as  witness  plates.  The  beam- 
induced  shadows  on  the  witness  plate  show  that  a  uniform, 
solid  beam,  with  a  3-4  mm  radius  is  obtained  at  all  axial 
positions. 

The  various  contributions  to  the  spread  in  parallel  mo¬ 
mentum  of  the  electron  beam  can  be  estimated  once  the 
beam  radius  inside  the  wiggler  region  is  known.  Given  the 
electron  beam  emittance  (, ,  if  we  assume  a  Gaussian  spread 
in  perpendicular  velocity,  then  the  a  of  that  distribution  is 
given  by 

a/c  =  A#  =  c,/1.96yr  (7) 

The  corresponding  spread  in  parallel  velocity  is  given  by 

A0,  =  /?„  ~  [fii  -(Afi,)1]1'2  (8) 

and  the  spread  in  axial  energy  Ay,|/y,|  is  given  by 

ayh/x,,  =  r,#,  (9) 

Because  either  a  positive  or  negative  A#  results  in  a  de¬ 
crease  in  /?,, ,  the  two  sides  of  the  perpendicular  distribution 
map  into  the  same  values  of  the  parallel  distribution,  and  ihe 
result  arrived  at  m  Eq.  (9)  is  not  a  half-width  at  1/e  spread  in 
Y  ,  but  the  full  width  at  l/e  spread. 

A  range  for  this  value  can  be  computed  from  the  mea¬ 
sured  emittance  f  „  of  the  electron  beam  before  it  enters  the 
focusing  coils,  and  this  measured  emittance  plus  the  upper 
limit  to  the  emittance  induced  by  the  focusing  coils  them¬ 
selves,  For  our  focusing  coil  parameters,  <  0  02 
(  it  cm  rad)  :"  21  Using  our  measured  value  f,  =  0  052 
(  jt  cm  rad ),  rh  =04  cm,  we  obtain 

0  22%  <  Ay,/y,  <0.40%.  (10) 

The  spread  in  total  energy  due  to  the  self-electric  potential 
drop  across  the  beam  is  given  by 

Ay/y  =  a/2  r; /4c2  <0.2%  (II) 

for  /<950  A,  /■„  --0.4  cm.  There  is  a  further  source  of  axial 
energy  spread  generated  by  the  transverse  variation  in  the 
magnitude  of  the  wiggler  magnetic  field, 

Ay.,/y.,  =  [<*„  /(  I  +a2.)]Aa..,  (12) 

where  aw  =  (i„/cka  is  the  normalized  wiggler  amplitude. 
Taking  aw  =  0  37,  A aw  =  0.05  x<jk  (approximate  for  kmr 
=  0  5,  the  weighted  “middle"  of  the  beam),  one  finds 
( Ay, /y, )  =  0.6%  Adding  these  contributions  as  indepen¬ 
dent,  and  assuming  the  space-charge  energy  spread  appears 
as  an  axial  energy  spread,  yields  an  overall  (Ay^y,) 

=  0.6%-0.8%. 

The  output  radiation  intensity  is  measured  with  a  va¬ 
riety  of  detectors,  including  Joule  calorimeters,  pyroelectric 
detectors,  and  waveguide  mounted  whisker  diode  detectors 
in  WR8(90-140  GHz)  and  WR3(  170-300  GHz)  bands. 
Which  detector  is  employed  is  dependent  on  the  frequency 
range  being  investigated  and  on  the  power  available  for  de- 
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tec  non  The  total  output  power  is  obtained  by  measuring  the 
pulse  energy  with  the  calorimeter  and  dividing  this  by  the 
measured  FWHM  of  the  radiation  pulse,  as  measured  by  the 
pyroelectric  pulse  detector  The  frequency  range  of  the  mi¬ 
crowave  radiation  incident  on  the  calorimeter  is  limited  to 
100  GHz  < /<  <XX)  GHz  by  a  system  of  meshes  used  in  reflec¬ 
tion  In  all  cases,  the  radiated  power  is  measured  to  be  pre¬ 
dominantly  (  >  (Ks0’c )  above  100  GHz  in  frequency.  Fre¬ 
quency  spectra  are  measured  using  a  grating  spectrometer 
designed  by  Boyd.  *’1 

III.  THEORETICAL  CONSIDERATIONS 

Small  signal  calculation  of  the  radiation  frequency  and 
the  small  signal  growth  rate  of  the  free  electron  laser  interac¬ 
tion  has  been  covered  extensively  elsewhere.  I,-36"J9  To  find 
the  radiation  frequency,  one  notes  that  the  magnetostatic 
wiggler  field  with  wavenumber  kw  couples  the  negative  ener¬ 
gy  electrostatic  wave  associated  with  the  electron  beam. 


a>=0tc{k  +  km)  -plu,/r',iri  (13) 

to  an  electromagnetic  waveguide  mode 

u1  =  c*k  3  +  (14) 

In  these  equations,  at  and  k  are  the  angular  frequency  and 
wavenumber,  respectively,  of  the  output  radiation,  at2 
=  4ffiVeJ/m0  is  the  non  relativistic  plasma  frequency 
squared,  at,  =  yjatl0  +•  (p\  at2/y)  is  the  cutoff  frequency  of 
a  particular  waveguide  mode,  including  effects  of  the  pres¬ 
ence  of  the  electron  beam.  <ur0  is  the  vacuum  waveguide 
cutoff  frequency  for  the  waveguide  mode  in  question,  p,  is  a 
numerical  factor  associated  with  the  finite  transverse  geome¬ 
try  of  the  electron  beam.10- 11  and  p7  is  a  numerical  factor 
approximately  equal  to  the  fractional  overlap  of  the  electron 
beam  with  the  electromagnetic  energy  of  the  waveguide 
mode.  For  these  experiments,  p,  —0.96-0.98,  pj-0.2-0.4. 
The  free -electron  laser  interaction  occurs  in  the  neighbor¬ 
hood  of  the  intersections  of  the  two  dispersion  relations,  Eqs. 

( 13)  and  ( 14).  These  intersections  occur  at 
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where  we  have  abbreviated  at,  =  ui,/ck„,  at,  =ate/ckm 
The  +  /  -  roots  in  Eq.  (15)  correspond  to  the  Doppler- 
upshifted/Doppler-downshifted  FEL  interactions;  the  pres¬ 
ent  experiment  is  concerned  with  the  generation  of  short- 
wavelength.  high-frequency  radiation,  and  it  is  at*  which  is 
of  interest 

The  complete  (linear  and  nonlinear)  simulation  code 
a raCHne  constitutes  a  fully  three-dimensional  nonlin¬ 

ear  formulation  of  a  FEL  amplifier  used  here  in  calculating 
the  gain  and  spectral  characteristics  of  our  FEL-  It  is  one  of 
several  FEL  codes  now  in  existence."'”'  The  analysts  con¬ 
sists  in  the  solution  of  a  set  of  coupled  nonlinear  differential 
equations  that  self-consistently  describes  the  evolution  of 
both  an  ensemble  of  electrons  and  the  electromagnetic  fields. 
Space-charge  fields  are  neglected  in  the  analysis;  therefore, 
the  treatment  is  applicable  to  the  strong-pump  Compton 
( sometimes  called  the  high-gain )  regime  of  operation.  The 
nonlinear  current  that  mediates  the  interaction  is  computed 
from  the  microscopic  behavior  of  an  ensemble  of  electrons 
by  means  of  an  average  of  the  electron  phases  relative  to  the 
pondermotive  wave  formed  by  the  beating  of  the  wiggler  and 
radiation  fields.  The  equations  are  solved  for  the  case  in 
which  the  electron  beam  is  injected  into  the  wiggler  by 
means  of  an  adiabatic  entry  taper  in  which  the  wiggler  field 
increases  from  zero  to  a  constant  level.  The  electron  beam, 
upon  injection,  is  assumed  to  be  monoenergetic  but  to  have  a 
pitch  angle  spread  in  transverse  velocity.  This  pitch  angle 
spread  is  chosen  to  correspond  to  the  emittancc  dominated 
axial  energy  spread,  £tyi  /y, .  The  finite  geometry  is  included 
in  the  treatment  by  the  introduction  of  the  boundary  condi¬ 
tions  appropriate  to  the  TE  and/or  TM  modes  of  the  vacu¬ 
um  waveguide.  As  a  result,  all  transverse  and  ftnite-geome- 
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try  effects  are  included  in  the  static  wiggler  and  radiation 
fields  in  a  self-consistent  manner  and  affect  the  interaction 
through  betatron  oscillations  and  velocity  shear  m  the  elec¬ 
tron  orbits,  arachne  was  conceived  to  model  a  FEL  ampli¬ 
fier  and  treats  the  case  of  a  single  interaction  frequency.  This 
permits  the  field  equations  to  be  averaged  over  a  wave  period 
that  eliminates  the  fast  time  scale  phenomena  from  the  for¬ 
mulation  and  results  in  a  substantial  reduction  in  the  compu¬ 
tational  requirements. 

Although  the  above  analysis  is  restricted  to  single-fre¬ 
quency  propagation,  an  arbitrary  number  of  propagating  TE 
and  TM  modes  can  be  included  at  this  frequency.  The  inclu¬ 
sion  of  multiple  modes  is  relatively  straightforward  and  in¬ 
volves  the  calculation  of  the  individual  source  currents  for 
each  mode  as  well  as  the  integration  of  the  electron  orbit 
equations  in  the  aggregate  field.  The  only  caution  that  must 
be  observed  is  that  each  of  the  included  modes  must  be  suffi¬ 
ciently  close  to  resonance  with  the  beam  that  the  pondero- 
motive  phase  does  not  vary  on  the  fast  time  scale.  However, 
this  caution  is  not  terribly  restrictive  in  overmoded  wave¬ 
guides,  and  a  similar  multimode  code  wicclin37  based 
upon  a  planar  wiggler/ rectangular  waveguide  configuration 
has  given  good  agreement  with  the  results  of  the  35  GHz 
ELF  amplifier  experiment.3* 

In  the  one -dimensional  case,  the  FEL  interaction  occurs 
in  the  Raman  regime  if  the  parameter  4(ft,/y{  ft3  )■'*>  I, 
where  ft,  =  w,/yin  is  the  normalized  relativistic  plasma 
frequency,  and  ft„  =  x  ( 1/yc/fc. )  is  the  normal¬ 

ized  relativistic  cyclotron  frequency  associated  with  the 
wiggler  field.  For  the  parameters  of  the  present  experimenL 
4  ( ft,/yj  ftj, ) ' 11  ~  2-3  and  the  inequality  is  only  weakly  sat¬ 
isfied.  Such  a  simple  criterion  cannot  be  obtained  to  separate 
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Raman  and  Compton  regimes  in  three  dimensions.  In  this 
case,  the  regime  of  FEL  operation  has  to  be  determined  by  a 
comparison  of  the  experiment  with  the  theory  including  or 
excluding  the  collective  effects. 

f 

IV.  RA01AT1ON  MEASUREMENTS  | 

The  total  power,  signal  gain,  and  signal  spectra  are  mea-  3 
sured  as  functions  of  the  electron  beam  energy  and  the  ap¬ 
plied  wiggler  field.  The  expected  FEL  frequency  and  the 
focusing  of  the  electron  beam  provided  by  the  thin  solenoid 
lenses  are  affected  by  variations  in  the  electron  beam  energy 
or  the  electron  beam  current.  The  beam  energy  and  beam 
current  are  monitored  on  each  discharge.  On  any  discharge, 
a  variation  in  the  beam  energy  of  greater  than  ±  1%,  or  a 
variation  in  the  beam  current  of  greater  than  ±  5%,  from 
some  predetermined  "run  values”  result  in  that  data  being  f 
discarded.  This  procedure  generally  retained  data  from  be-  ® 
tween  25%-50%  of  the  discharges  as  “good."  All  data 
points  shown  in  subsequent  figures  represent  an  average  of 
three  to  seven  good  discharges. 

The  system  growth  rate  is  measured  for  two  wiggler 
fields  (ff„,  =  1275  G  and  =  1510  G)  by  measuring  the 
relative  output  power  as  a  function  of  wiggler  interaction 
length  for  a  2  0  MV,  780  A  electron  beam.  The  interaction 
length  is  varied  by  moving  a  transverse  kicker  magnet  along 
the  length  of  the  wiggler,  thereby  turning  the  electron  beam 
into  the  drift  tube  wall  and  terminating  the  FEL.  The  data 
shown  in  Fig  6  clearly  show  the  regions  of  exponential  gain 
and.  in  the  case  of  the  greater  wiggler  field  strength,  the 
region  of  saturation  onset.  In  the  case  of  the  1275  G  measure¬ 
ments,  a  gam  of  56  dB/m  is  observed  with  an  uncertainty  of 
£  3  dB/m  A  higher  gain  of  70  dB/m  is  found  for  a  wiggler 
field  strength  of  1 5 10  G  with  an  uncertainty  of  +  6  dB/m. 

The  variation  in  the  gam  with  the  axial  energy  spread  for 
these  two  cases  has  been  studied  with  ARA<  HNI .  and  the 


Ilf  i  7  CikuUlcU  gain  »\  j  function  of  anal  energy  spread  due  to  dee  iron 
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results  are  shown  in  Fig  7  It  should  be  noted  that  the  axial 
energy  spread  here  refers  to  that  spread  due  to  the  electron 
beam  cm i tunce  only:  The  simulation  ignores  the  effects  of 
space  charge,  but  includes  self-consistently  any  axial  energy 
spread  induced  by  the  finite  transverse  gradient  of  the 
wiggler  field.  The  maximum  gain  is  obtained  with  a  vanish¬ 
ing  axial  energy  spread,  Ay,//,  =0  For  the  case 
0-  =  1275  G,  the  calculated  gain  is  found  to  he  approxi¬ 
mately  62  dB/m  for  Ay,  /y,  =  0,  and  decreases  to  56  dB/m 
for  Ay, /y,  =  0.25%  Similarly,  for  /?_  =  1 5 10 G.  the  gains 
calculated  for  Ay, /y,  =  Oand  Ay,/y,  =  0.25%  are  70dB/ 
m  and  64  dB/m,  respectively.  When  compared  with  the 
measured  gains  of  56  ±  3  dB/m  (for  Bm  -  1275  G)  and 
70  +  6  dB/m  (for  B„  -  1510  G),  these  results  are  consis¬ 
tent  with  an  interpretation  of  a  beam  energy  spread  of  less 
than  or  of  the  order  of  0.25%.  This  is  also  in  excellent  agree¬ 
ment  with  the  range  calculated  from  the  measured  emittance 
given  in  Eq.  (10)  of  0  22%-0.40%.  The  value 
Ay,/y,  —  0.25%  is  used  in  all  subsequent  simulations. 

The  measured  output  spectra  for  beam  voltages  of  17, 
2.0,  and  2.3  MV  are  shown  in  Figs.  &-10,  together  with  the 
spectra  obtained  with  arachni  .  These  spectra  are  taken  at 
a  constant  on-axis  wiggler  amplitude  of  1275  G  In  all  cases 
the  results  of  the  arachni1.  simulations  are  in  good  agree¬ 
ment  with  the  experiment.  It  is  noteworthy  that  there  are  no 
free  parameters  in  the  simulations:  All  of  the  relevant  pa¬ 
rameters  are  given  by  measured  values.  The  absolute  calibra¬ 
tion  accuracy  of  the  voltage  monitor  is  -  3%.  and  the  spec- 
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FIG  *  The  measured  ouipui  spectrum  for  a  1.7  MV.  630  A  electron  beam 
foe  an  on-aais  wiggler  field  strength  of  127$  G  The  data  are  uken  with  a 
receiver  that  has  a  width  covering  ±2.3  GHz.  The  curve  is  the  calculated 
theoretical  output  spectrum  for  a  I  7  MV.  630  A  electron  beam  with  (he 
measured  electron  beam  radius  r,  =  0  36  cm,  using  the  nonlinear 
vaccHNS  code  The  measured  output  power  is  =  13  MW 

tral  peaks  found  by  arachne  are  within  2%  of  the  peaks  in 
the  measured  spectra.  The  measurement  of  the  output  spec¬ 
trum  for  the  2.3  MV  beam  was  carried  out  over  an  extended 
frequency  range  to  investigate  the  presence  of  any  other  fre¬ 
quency  components.  Over  the  frequency  range  1 10-650 
GHz  no  other  frequency  components  arc  observed.  The  dy¬ 
namic  range  in  observable  signal  for  these  measurements  is 
greater  than  20  dB 

A  lone  exception  to  the  agreement  between  the  experi¬ 
ment  and  the  arachne  simulations  is  a  lower  frequency 
spectral  feature  at /-  240  GHz  in  the  1.7  MV  data  shown  in 
Ftg  8,  and  believed  to  be  emission  in  the  TMn  waveguide 


FIG  4  The  measured  output  spectrum  for  a  2.0  MV.  710  A  electron  beam, 
for  an  on-aits  wiggler  field  strength  of  1273  G.  The  dau  are  taken  with  a 
receiver  that  has  a  width  covering  ±  3  GHz.  The  curve  is  the  calculated 
theoretical  output  spectrum  for  a  2  0  MV.  780  A  electron  beam  with  the 
measured  radius  r,  =  0  40  cm.  using  the  nonlinear  arachne  code  The 
measured  output  power  is  =  I*  MW 


FIG  10  The  measured  output  spectrum  for  a  2  3  MV.  930  A  electron  beam, 
for  an  on-ams  wiggler  field  strenglh  of  1275  G  The  data  are  taken  with  a 
receiver  that  has  a  width  covenng  *  4  GHz;  the  peak  data  point  is  taken 
with  a  receiver  that  has  a  width  covering  =  8  GHz.  which  is  less  sensitive  to 
diseharge-to-discharge  fluctuations  The  relative  sensitivities  of  the  two  re¬ 
ceivers  has  been  factored  out  of  the  data  The  curve  is  the  calculated  theo¬ 
retical  output  spectrum  for  a  2  3  MV.  930  A  electron  beam  with  the  mea¬ 
sured  radius  r„  =0  41  cm.  using  ihe  nonlinear  arachne  code  The 
measured  output  is  =  18  MW 

mode  where  arachne  shows  no  significant  radiation.  Cal¬ 
culation  of  the  interaction  frequency  for  the  TM,,  wave¬ 
guide  mode  using  Eq.  (15)  gives  /=  243  GHz,  m  good 
agreement  with  the  lower  frequency  spectral  feature  in  the 
data.  In  this  calculation  we  have  taken  p ,  =  !.  p,  =  0  3, 

=  0.49.  y  —  4.33,  and  y,  =  4.02.  which  is  an  average  val¬ 
ue  obtained  from  numerical  calculations  that  include  the  fi¬ 
nite  geometries  of  the  wiggler  field  and  ihe  electron  beam"' 

V.  DISCUSSION 

We  have  described  measurements  of  a  free-electron  la¬ 
ser  operating  at  millimeter  and  submillimeter  wavelengths. 
There  is  no  axial  magnetic  field  in  this  experiment  The  fo¬ 
cusing  and  transport  of  the  electron  beam  through  the 
wiggler  interaction  region  is  achieved  by  means  of  the  btfilar 
helical  wiggler  field  itself.  A  multielectrode  field  emission 
electron  gun  is  used  to  generate  an  electron  beam  with  low 
beam  emittance;  the  full  beam  current  is  successfully  inject¬ 
ed  and  transported  the  full  length  ( 1.5  m)  of  the  wiggler 
interaction  region. 

The  FE  L  operates  wii  h  elect  ron  beam  voltages  V  =  1.7- 
2.3  MV.  beam  currents  /  =  630-930  A.  and  generates  out¬ 
put  frequencies  tunable  from/=  240-470  GHz.  It  is  impor¬ 
tant  to  point  out  that  the  radiation  frequency  depends  sensi¬ 
tively  on  the  waveguide  mode  in  which  the  FEL  operates. 
Our  experiments  indicate  that  the  electron  beam  couples 
predominantly  to  the  lowest  TE, ,  mode  despite  the  fact  that 
the  overmoded  waveguide  can  support  some  50  higher 
modes.  We  measure  powers  P-~  13-18  MW  across  the  entire 
range  of  operation.  The  laser  operates  as  a  single-pass  super- 
radiant  amplifier,  where  the  input  signal  arises  either  out  of 
noise  or  from  spontaneous  emission.  Along  the  length  of  the 
wiggler  interaction  region  we  measure  signal  gains  of  56 
dB/m  for  an  applied  wiggler  field  of  Bm  =  1275  G,  and  70 
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FIG  II  The  output  power  as  a  function  of  wiggler  length  for  a  tapered  and 
an  untapered  wiggler  Here  V  =  2.3  MV.  /  =  930  A.  2,  =22  an,/  =  49g 

CHi.Ar,/r,  “  0.23% 


dB/m  for  Bm  =  1510  G  (F=2.0  MV.  /=  780  A. 

=  3.14cm). 

One-dimensional  criteria  would  indicate  our  experi¬ 
ment  is  only  weakly  in  the  Raman  regime.  Three-dimension¬ 
al  effects,  such  as  the  finite  geometries  of  the  circular  wave¬ 
guide  and  the  electron  beam,  may  reduce  the  effective 
electron  beam  plasma  frequency  and  push  the  experimental 
parameters  closer  to  the  transition  region  between  the  Ra¬ 
man  and  Compton  regimes.  In  this  case,  a  distinction  of  the 
experiment  as  being  either  in  the  Compton  or  Raman  regime 
may  not  be  possible  nor  fruitful. 

In  general,  the  measured  values  are  in  good  agreement 
with  a  nonlinear  numerical  simulation,  arachne.  which  is 
valid  in  the  strong-pump  Compton  regime  of  the  FEL.  The 
single  exception  to  this  agreement  is  the  lower  frequency 
spectral  peak  measured  in  the  1.7  MV  electron  beam  case 
that  is  not  predicted  by  the  simulation.  While  all  of  the  other 
spectral  peaks  are  identified  as  predominantly  TE,,  wave¬ 
guide  mode  interactions,  a  straightforward  calculation  of  the 
FEL  interaction  frequency  using  the  linear  dispersion  rela¬ 
tion  (Eq.  (13)|  from  Sec.  III.  and  including  nonvanishing 
beam  plasma  frequency  effects,  indicates  that  the  lower  fre¬ 
quency  spectral  peak  in  Fig.  8  occurs  where  we  might  expect 
an  interaction  with  the  TM,,  waveguide  mode  ( /=  243 
GHz) 

Previous  experiments  have  noted  substantial  increases 
in  efficiency  when  the  wigglcr  field  amplitude  is  tapered  '"  4" 
An  example  of  the  possible  effect  of  tapering  the  wiggler  field 
amplitude  ui  this  experiment  is  shown  in  Fig.  1 1,  where  the 
arachne  simulation  is  extended  in  the  axial  direction,  for 
both  a  tapered  and  an  untapered  wiggler  The  electron  beam 
parameters  for  the  simulation  shown  in  Fig.  1 1  are  identical 
to  those  in  Fig.  10  used  in  comparison  with  our  experiments. 
To  optimize  the  tapenng  process,  the  wiggler  period  and 
initial  wiggler  field  amplitude  have  been  changed  to 
km  *  2  2  cm  and  Bm  -  3100  G,  respectively.  This  results  in 
a  maximum  possible  output  power  of 263  MW  at  a  frequency 
of  498  GHz,  corresponding  to  an  efficiency  of  P*AO/ 

P ream  *  12.396. 
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Abstract—  A  hi(h-»®ct«iKy  regime  is  studied  for  free-ele«ro«»-l**er 
(FEL)  impliltr  conflfurslions  that  employ  a  helically  symmetric  wig¬ 
gler  and  a  uniform  aiial  guide  magnetic  Held.  EOcieacies  of  the  order 
ad  St  percent  are  found  to  be  possible  in  the  presence  of  axial  Belds 
•uBciently  strong  that  the  Larmor  period  is  shorter  than  the  wiggles 
period.  This  operating  regime  is  accessible  for  electron  beam  energies 
greater  than  approximately  400  keV. 


THE  EXISTENCE  of  an  operating  regime  of  extremely 
high  efficiency  and  broad  bandwidth  has  been  identi¬ 
fied  in  simulation  recently  [1]  for  free-electron-laser 
(PEL)  amplifier  configurations  that  employ  both  a  heli¬ 
cally  symmetric  wigglerand  an  axial  guide  magnetic  field. 
A  detailed  description  of  the  formulation  is  given  in  (l], 
in  which  a  fully  three-dimensional  nonlinear  analysis  of 
the  FEL  amplifier  is  derived  for  a  configuration  in  which 
an  energetic  electron  beam  is  propagating  through  a  loss- 
free  cylindrical  waveguide  in  the  presence  of  the  external 
magnetic  fields.  To  this  end.  a  set  of  coupled  nonlinear 
differential  equations  is  derived,  which  self-consistently 
describes  the  evolution  of  both  an  ensemble  of  electrons 
and  the  electromagnetic  fields  Space-charge  fields  are 
neglected  in  the  analysis;  hence,  the  treatment  is  appli¬ 
cable  to  the  high-gain  Compton  (or  strong-pump)  regime. 
This  is  generally  valid  as  long  as  the  electron  beam  plasma 
frequency  (w6)  is  sufficiently  small  that 

7>2cK  (l  +  pi/m2c2)3/i 

where  p„  is  the  transverse  wiggler-induced  momentum, 
and  (7  -  1 )  me :  is  the  kinetic  energy  of  the  beam.  In  the 
absence  of  an  axial  guide  magnetic  field  |p„/mcj  = 
0 m/kwc.  where  0,  ■  \eB,/mc\ .  8,  is  the  wiggler  am¬ 
plitude.  and  kw(  m  2r/\w)  is  the  wiggler  wavenumber. 
However,  the  presence  of  the  axial  guide  field  enhances 
the  transverse  momentum  (7).  In  particular,  Q„/c/c„  = 
0.28  for  the  parameters  shown  in  Fig.  I,  while pw/mc  — 
1.16.  For  this  case,  w»/y  i/7ckw  »  0.05,  and,  as  a  con- 
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Fig.  t  Graph  of  the  efficiency  versus  frequency  for  a  I -MeV  beam  TE,, 
mode  ( K,  »  0  5  cm,  *  I  kW ) 


sequence,  the  space -charge  effects  are  small  and  the 
Compton  regime  approximation  is  valid.  The  nonlinear 
current  which  mediates  the  interaction  is  computed  from 
the  microscopic  behavior  of  an  ensemble  of  electrons  by 
means  of  an  average  of  the  electron  phases  relative  to  the 
ponderomotive  wave  formed  by  the  beating  of  the  radia¬ 
tion  and  wiggler  fields.  The  finite  waveguide  geometry  is 
included  in  the  analysis  by  the  introduction  of  the  bound¬ 
ary  conditions  appropriate  for  either  the  transverse  elec¬ 
tric  (TE)  or  transverse  magnetic  (TM)  modes  in  a  cylin¬ 
drical  waveguide.  In  addition,  since  the  problem  of 
interest  is  that  of  an  FEL  amplifier,  only  single-wave¬ 
mode  propagation  is  considered,  which  permits  an  aver¬ 
age  over  a  wave  period  to  be  performed  that  eliminates 
the  fast-time-scale  phenomena  from  the  formulation. 

A  complete  derivation  of  the  dynamical  equations  is 
given  in  [1],  and  we  restate  the  equations  here  in  the  in¬ 
terest  of  clarity.  The  external  magnetostatic  fields  de- 
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scribe  the  superposition  of  a  uniform  axial  guide  field  and 
a  helical  wiggler  field. 

B(x)  =  B0<:  +  BJx)  (l) 

where 

BJx)  =  2Bw(z)  [ /; ( X )  ^  cos  x 


-  ^  /,(X)^#  sin  x  +  /| ( X ) ^.  sin  x]  (2) 

A 


B0  w  describe  the  amplitudes  of  the  axial  guide  and  wig¬ 
gler  magnetic  fields,  X  =  kwr,  x  *  0  -  kwz.  kw(  ■ 
2t/\w ,  where  X„  is  the  wiggler  wavelength ),  and  /„  and 
r„  represent  the  modified  Bessel  function  of  order  n  and 
its  derivative.  The  adiabatic  injection  of  the  electron  beam 
is  modeled  by  allowing  the  wiggler  amplitude  to  increase 
slowly  from  zero  to  a  constant  value  over  Nw  wiggler  pe¬ 
riods,  and  we  assume  that 


BJz) 


Bw  sin2  (kwz/ 4iV„), 

S,, 


0s:<  NmK 
z  >  iV»X„. 


(3) 


We  restrict  the  analysis  to  TE  modes  and  write  the  vector 
potential  of  the  radiation  field  in  the  form 


5A(x,  f)  =  £ 

/  *0 

n  *  I 


: — J,(klKr)i,  sin  a, 
k,„r 


+  j;(klnr)e,  cos  a, 


(4) 


where  for  frequency  <j  and  wavenumber  k(z). 

a,  m  +  Id  -  u>l  (5) 


J,  and  Ji  are  the  regular  Bessel  function  of  the  first  kind 
of  order  l  and  its  derivative,  and  k/K  describes  the  vacuum 
cutoff  of  the  mode.  It  is  implicitly  assumed  in  this  for¬ 
mulation  that  both  the  mode  amplitude  6 A,n{z )  and  wave- 
number  are  slowly  varying  functions  of  axial  position. 

Substitution  of  the  fields  into  Maxwell’s  equations 
yields  the  following  equations  for  the  amplitude  and 
wavenumber: 


ba,„ 


I#  + 

—  ~  P;0n/i» 


i  ♦  l 

/ 


WA 


(6) 


the  transverse  velocity  relative  to  the  basis  vectors  e,  = 
i,  cos  kmz  +  iy,  sin  kwz  and  =  -i,  sin  kwz  +  i ,  cos 
kwz .  In  addition.  H,„,  7V',  and  W] * '  are  polarization  de¬ 
pendent  functions  defined  as 


H  m  (*D2 

*  [Oi)1  -  /J]V?(4.) 

and 

7V’  -  fiesta  i,  +  Gj  *  *  cos  4>i 
Wi,t)  a  F\  *  ’  cos  it  -  G\  * 1  sin 

where 


(8) 


(9) 


ti  m  t  o  + 


*  +  lkw 


(10) 


is  the  ponderomotive  phase,  and 


-  Ji-\(ku,r)  cos  [(/  -  l)x] 

±  7,*i(ttor)cos  [(/  +  1 )  x  ] 

G)z)  *  y,-,(*hr)sin((/  -  l)x] 

±  Ji~\(klnr)  sin  [(/  +  I )  x]  (H) 


Finally,  the  average  operator  <(•■•)>  is  defined  over  an 
ensemble  of  the  initial  conditions  (i.e. ,  at  c  =  0)  of  the 
beam  as 


<(  ’)>  *  JPPt 

•  d9odrorocjro,0o)(-  ■  •)  (12) 

where  <7|(^0)  and  a±(r0'  ^o)  describe  the  initial  distri¬ 
bution  of  the  beam  in  phase  and  cross  section.  For  sim¬ 
plicity,  we  choose  a  continuous  beam  (i.e.,  a,{  ^0)  =  1 
for  —  t  S  i^o  St)  with  a  uniform  cross  section  ( a  A  ( r0. 
90)  =  I  for  r0  s  R„). 

In  order  to  complete  the  formulation,  the  electron  orbit 
equations  must  be  specified  in  the  presence  of  the  static 
and  fluctuating  fields.  Since  we  describe  an  amplifier  con¬ 
figuration.  we  choose  to  integrate  in  z  and  write  the  Lor- 
entz  force  equations  in  the  form 

d  e 

v.-p=-ebElm--vx(Bo  +  B,+hBln)  (13) 
aZ  c 


and 


2*'  2  j(k'  :baj 
dz 


c 


-  r:r, 


r- 


') 


(7) 


where  ba,K  m  ebAim/mc:,  uh  is  the  bulk  plasma  fre¬ 
quency  of  the  beam.  J  0  »  r.„/ c  ( i  „  is  the  initial  axial 
v  elocit>  of  the  beam  i,  and  it,,  t  - )  are  the  components  of 


where 

bEh,  —  —  -  ~  bAj, 

c  01 

bB,„  =  V  x  bAlK. 

In  addition,  we  also  integrate 
d 

r  —  x  =  t .  cos  k,z  -  i  sin  k.  z 


(14) 


(  15) 


,lAVl,H  *M>  mu  Mi  Hll.H  t-l-Ml  It-M  1  npmxllus  of-  H-L  AMPLIHI-RS 


IM 


and 

-  i  =  k  *  Ik,  -  (17) 

Jz  i\ 

As  a  result,  there  are  6/V  particle  equations  (N  is  the  total 
number  of  electrons  in  the  analysis )  that  must  be  inte¬ 
grated  simultaneously  with  the  field  equations. 

The  particular  case  of  interest  is  the  strong  guide-field 
regime  in  which  the  electron  Larmor  period  is  shorter  than 
the  wiggler  period  (i.e..  >  yk»r:.  where  fl0  * 

1  efl,,/ nu  | .  60  is  the  magnitude  of  the  axial  field,  and  v. 
is  the  axial  electron  velocity  )  It  has  been  well  established 
that  operation  near  the  magnetic  resonance  at  fl0  -  yk^r. 
results  in  enhancements  in  the  transverse  wiggler  veloc¬ 
ity.  the  linear  gain,  and  the  nonlinear  saturation  efficiency 
(2).  [3J.  In  the  present  paper,  we  are  concerned  with  a 
regime  of  extremely  high  intrinsic  efficiency  found  to  oc¬ 
cur  for  strong  guide  fields  near  the  resonance  ft,,  2  ykHr:. 
The  specific  case  is  shown  in  Fig.  1 .  in  which  we  plot  the 
efficiency  (rj)  versus  frequency  for  a  35-GHz  amplifier 
operating  in  the  TE,i  mode  and  which  involves  the  prop¬ 
agation  of  a  beam  with  1-MeV  energy,  50-A  current,  and 
0.2-cm  initial  radius  through  a  drift  tube  of  radius  Rt  = 
0.5  cm.  The  magnetic  fields  are  given  by  B0  =  1 1  75  kG. 
B,  =  1.0  kG.  and  K  =  3.0  cm  As  is  evident  from  the 
figure,  a  maximum  efficiency  tj  —  47  percent  is  found  in 
the  vicinity  of  35  GHz  with  a  bandwidth  of  approximately 
57  percent  It  should  be  noted  that  a  recent  experiment  (4J 
has  demonstrated  operation  of  a  35-GHz  FEL  amplifier 
with  an  efficiency  of  35  percent  by  means  of  a  linearly 
polarized  wiggler  field  with  a  tapered  amplitude  The  ef¬ 
fect  of  the  tapered  wiggler  is  to  accelerate  the  beam  and 
maintain  the  wave-particle  resonance  (i.e..  w  =  (A  + 
A„  )/•  )  over  an  extended  interaction  length,  thereby  en¬ 
hancing  the  efficiency  (51.  |6|  In  contrast,  the  configu¬ 
ration  described  herein  requires  no  tapering  of  the  exter¬ 
nal  magnetic  fields. 

The  physical  explanation  for  the  high  efficiency  asso¬ 
ciated  with  the  strong  guide-field  regime  is  rooted  in  the 
magnetic  resonance  at  ~  y  A,, r  Since  the  transverse 
velocity  and  the  ponderomotive  potential  are  resonantly 
enhanced  by  the  axial  guide  field,  both  the  interaction 
strength  (i.e  ,  growth  rate)  and  bandwidth  arc  also  greater. 
In  particular,  the  enhanced  bandwidth  implies  that  an 
electron  can  yield  a  relatively  larger  fraction  of  its  energy 
to  the  wave  (in  comparison  with  the  weak  guide-field  re¬ 
gime)  before  the  wave-particle  resonance  is  broken.  The 
effect  of  the  guide  field,  therefore,  is  to  increase  the 
amount  of  energy  which  can  be  extracted  from  the  beam. 
It  should  be  remarked,  however,  that  the  enhanced  growth 
rates  found  near  resonance  lead  to  shorter  overall  inter¬ 
action  lengths.  This  efficiency  enhancement  occurs  both 
above  (ft,i  £  yk „r  >  and  below  (0„  S  yk,,r  )  the  reso¬ 
nance;  however,  the  effect  is  more  pronounced  in  the 
strong  guide-field  regime  above  the  resonance  The  rea¬ 


son  for  this  is  that  the  resonant  effect  itself  makes  injec¬ 
tion  of  the  electron  beam  into  the  wiggler  difficult,  and 
there  is  a  point  of  diminishing  returns  as  the  resonance  is 
approached  beyond  which  the  efficiency  begins  to  de¬ 
crease  (3).  Thus,  a  practical  experiment  cannot  be  oper¬ 
ated  arbitrarily  close  to  the  resonance.  However,  it  is 
found  that  the  resonance  can  be  more  closely  approached 
in  the  strong  guide-field  regime,  and  this  is  the  funda¬ 
mental  source  for  the  high  efficiencies  found. 

The  principal  issue  we  address  in  this  paper  is  the  ex¬ 
tension  of  this  htgh-efficiency  regime  to  lower  beam  ener¬ 
gies.  In  so  doing,  we  observe  that  the  high-efficiency  ex¬ 
ample  shown  in  Fig.  1  occurs  when  the  beam  resonance 
line  falls  slightly  below  the  vacuum  waveguide  dispersion 
curve  (u2  =  c'k 2  +  where  w<.a  denotes  the  cutoff 
frequency  of  the  mode).  This  occurs  when 

wro  S  y:k,v.  (18) 

where  >.«(!-  i’2;/c2)'  \  and  no  intersection  between 
these  lines  is  found.  The  interaction  is  possible  because 
the  dielectric  effect  of  the  beam  results  in  a  shift  in  the 
waveguide  mode  dispersion  curve.  It  should  be  remarked 
that  the  highest  operating  efficiencies  are  found  in  this 
“below-grazing"  regime  for  a  wide  variety  of  microwave 
devices.  Thus,  in  extending  this  regime  to  lower  beam 
energies,  we  shall  vary  the  parameters  of  the  system  in 
such  a  way  as  to  maintain  this  "below-grazing"  condition 
(18). 

The  first  example  we  consider  is  that  of  an  800-keV 
electron  beam,  shown  in  Fig  2.  For  this  case  of  a  lower 
energy .  the  magnetic  resonance  condition  requires  that  the 
axial  field  also  be  reduced,  and  we  choose  B0  =  10.5  kG 
In  addition,  the  cutoff  frequency  must  be  decreased  in  or¬ 
der  for  the  interaction  to  remain  slightly  “below-graz¬ 
ing."  and  we  choose  Rg  =  0.54  cm,  0.55  cm.  and  0.56 
cm.  The  maximum  efficiency  for  this  case  is  of  the  order 
of  40  percent,  which  is  somewhat  reduced  relative  to  the 
I-MeV  beam  example  shown  in  Fig.  I.  However,  it 
should  be  noted  that  the  magnetic  resonance  becomes 
“sharper"  as  the  beam  energy  is  reduced,  in  the  sense 
that  the  linear  gain  and  nonlinear  efficiency  change  more 
rapidly  with  variations  in  the  operational  parameters. 
Hence,  it  may  be  possible  to  optimize  the  800-keV  ex¬ 
ample  to  achieve  efficiencies  approaching  50  percent  over 
a  narrow  range  of  operating  parameters. 

Indeed,  the  sensitivity  of  the  interaction  to  fluctuations 
in  the  operational  parameters  in  the  vicinity  of  the  mag¬ 
netic  resonance  for  beam  energies  <400  keV  represents 
a  critical  practical  limitation  of  this  concept  to  low-volt¬ 
age  applications.  However,  for  beam  energies  greater  than 
about  400  keV,  this  resonant  interaction  appears  to  be  a 
realizable  approach  to  high-efficiency  FEL  amplifiers 
without  the  necessity  of  tapered  wiggler  fields.  Examples 
of  the  spectrum  of  the  efficiency  versus  frequency  are 
shown  in  Figs.  3  and  4  for  beam  energies  of  600  and  400 
keV,  respectively.  Observe  that  the  bandwidth  dw/w  > 
50  percent  for  all  examples  shown,  and  it  appears  to  be 
relatively  insensitive  to  the  voltage  over  this  range 


n  (<*>>  £  q  (%l 


IT) 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE.  VOL  16.  NO  2  APRIL  l«* 


£ 

c- 


1 0  IS  20 

a)/ckw 

Fig  4  Graph  of  ihe  efficiency  versus  frequency  for  a  400-keV  beam  TE,, 
mode  </>.„  »  I  kW) 


:  Graph  of  me  efficiency  versus  frequency  for  an  soo-keV  beam  Finally,  an  important  consideration  in  the  design  of 
te,,  mode  i  P..  -  i  kw>  FEL's  is  the  effect  of  electron  beam  quality  on  the  inter¬ 

action.  The  results  shown  in  Figs.  1-4  were  obtained  un¬ 
der  the  assumption  of  a  monoenergetic,  zero-emittance  (8) 
electron  beam,  and  the  saturation  mechanism  is  that  of 
electron  trapping  in  the  ponderomotive  potential  formed 
by  the  beating  of  the  wiggler  and  radiation  fields.  This 
type  of  saturation  mechanism  is  extremely  sensitive  to  the 
axial  energy  spreads  of  the  electron  beam,  and  even  rel¬ 
atively  small  energy  spreads  (i.e. ,  ~  l  percent) 

often  result  in  substantial  decreases  in  the  efficiency. 
However,  recent  simulation  results  [9]  indicate  that  the 
axial  magnetic  field  acts  to  reduce  the  sensitivity  of  the 
interaction  to  the  beam  thermal  spread  due  to  a  resonant 
enhancement  in  the  ponderomotive  potential.  As  a  result, 
the  extremely  high  efficiencies  found  in  this  strong  axial 
field  resonant  regime  occur  in  conjunction  with  an  in¬ 
creased  tolerance  for  beam  thermal  effects.  The  sensitiv¬ 
ity  of  the  interaction  to  the  axial  energy  spread  in  this 
regime  is  illustrated  in  Fig.  5  in  which  we  plot  the  nor¬ 
malized  efficiency  if/if0  versus  the  axial  energy  spread  for 
the  1-MeV  and  400-keV  cases,  where  no  refers  to  the  ef¬ 
ficiency  obtained  in  the  limit  of  =  0.  The  1-MeV 
results  correspond  to  the  Bo  =  1 1.75  kG  curve  shown  in 
Fig.  I  for  u/ckw  =  3  0,  and  indicate  that  the  efficiency 
declines  by  an  order  of  magnitude  as  the  axial  energy  in¬ 
creases  to  &y:/y0  =  5-6  percent.  As  discussed  in  (9), 
this  represents  a  relatively  slow  decline  of  efficiency  with 
i  2  J  •  axial  energy  spread.  In  contrast,  the  400-keV  results  (cor- 

cj/ckm  responding  to  the  curve  in  Fig.  4  for  which  R t  »  0.63  cm 

and  d)/ckw  =  1 .7)  show  even  less  sensitivity  to  the  axial 
energy  spread.  The  reason  for  this  decrease  in  sensitivity 


Fig  J  Graph  of  the  efficiency  venu«  frequency  for  1 600-keV  beam  TE,, 
mod*  (  P„  *  I  kW ) 
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Fig  5  Graph  of  the  normalized  efficiency  versus  Jy  ./ya  for  V„  =  I  MeV 
and  V*  =  400  keV 


to  Ay.  is  that  the  lower  energy  example  corresponds  to 
operation  much  closer  to  the  resonance  at  Qy  -  yk,r:.  It 
should  be  noted,  however,  that  while  operation  close  to 
the  resonance  is  beneficial  from  the  standpoint  of  easing 
the  requirements  on  beam  energy  spread,  the  ultimate 
price  paid  is  the  increased  sensitivity  to  fluctuations  in  the 
operating  parameters. 

Finally,  we  address  the  question  of  the  accessibility  of 
this  regime  to  higher  frequency  operation.  The  two  con¬ 
straints  on  this  high-efficiency  regime  appear  to  be  that  Op 
%  y.k.v.,  and  that  there  be  a  near-grazing  intersection 
between  the  fundamental  TEn  mode  dispersion  curve  and 
the  beam  resonance  line  (i.e..  w,„  -  yk„r.).  If  we  note 
that  the  operating  frequency  for  near-grazing  intersections 
scales  as  w  -  y  :k„r..  then  we  must  require  that  Bu(kG) 
i  0.36 /(GHz)/y  and  /?,(cm)  S  8.8//(GHz).  As  a 
result,  higher  operating  frequencies  require  progressively 
higher  axial  fields  and  smaller  waveguides.  As  an  exam¬ 


ple,  consider  operation  at  600  GHz.  which  is  thought  to 
be  necessary  for  the  cyclotron  resonance  heating  of  con¬ 
trolled  thermonuclear  plasmas.  If  a  I -MeV  beam  is  to  be 
employed,  then  the  axial  field  must  exceed  72  kG  and 
the  waveguide  radius  must  be  of  the  order  of  0  15  mm. 
which  are  difficult  targets  to  attain.  Of  these  two  require¬ 
ments,  the  axial  field  is  the  least  restrictive  since  1)  su¬ 
perconducting  solenoids  can  achieve  such  fields,  and  2) 
higher  energy  beams  would  lower  the  field  requirement. 
The  constraint  on  the  waveguide  radius,  however,  is  in¬ 
dependent  of  the  beam  energy  Indeed,  the  necessity  of 
such  a  narrow  waveguide  imposes  practical  limitations  due 
to  difficulties  in  both  the  production  of  such  thin  electron 
beams  and  the  propagation  of  high-radiation  power  den¬ 
sities  through  the  waveguide.  In  contrast,  if  an  operating 
frequency  of  140  GHz  is  desired,  then  the  requirements 
become  B0  a  16.8  kG  ( for  Vb  =  1  MeV )  and  R,  S  0.63 
mm.  Thus,  we  conclude  that  600  GHz  is  an  impractically 
high  operating  frequency  for  this  regime,  and  expecta¬ 
tions  of  scaling  the  frequency  to  the  vicinity  of  140  GHz 
also  appear  to  be  difficult. 
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Operation  o (  a  uburon /FEL  amplifier  with  a  helical  wiggler/axial  guide  field  coafigurauoa  in  the  frequency  band  from 
approximately  13  to  18  GHi  is  reported.  The  experiment  employs  a  190-250  kcV  electron  beam  with  currents  up  to  37  A.  and  has 
operated  using  the  fundamental  wiggler  harmonic  interaction  with  the  TEn  circular  waveguide  mode.  The  wiggler  is  a  bi filar 
bdtx  with  a  2-54  cm  period  and  a  total  length  of  50  cm,  and  is  capable  of  achieving  an  amplitude  of  575  G  or  more  ui  pulsed  mode. 
The  wiggler  is  flared  both  oo  entry  and  exit  ut  order  to  obtain  smooth  transitions  in  the  beam  trajectory  with  12  periods  of  uniform 
amplitude  Small  signal  gains  as  high  as  17-19  dB  have  been  observed,  corresponding  to  a  gain  per  free- space  wavelength 
approaching  1  25  dB/A.  The  experimental  results  are  in  reasonable  agreement  with  non  It  near  simulation  of  the  interaction  in  the 
Raman  regime. 


1.  Introduction 

The  Nava]  Research  Laboratory  has  instituted  a 
program  to  investigate  the  ubtiron/FEL  interaction 
1 1  -  3)  as  the  basts  for  a  new  class  of  high- power,  broad¬ 
band  micro-  and  millimeter-wave  amplifiers.  Attractive 
features  of  the  uburon  include  high  power  (due  to  the 
fast-wave  nature  of  the  interaction),  high  gain,  relatively 
broad  instantaneous  bandwidth,  high-frequency  oper¬ 
ation.  and  compatibility  with  space-charge-Umued. 
laminar-flow  electron  gun  configurations.  The  NRL 
program  consists  of  both  theoretical  and  experimental 
efforts  to  explore  uburon  performance  and  identify 
critical  technology  issues.  Close  coupling  between  the¬ 
ory  and  experiment  is  designed  to  permit  a  detailed 
comparison  and  validation  of  the  theory  and  resulting 
design  codes.  The  program  will  also  address  areas  such 
as  gain  and  efficiency  enhancement  techniques, 
harmonic  operation  and  alternate  interaction  geome¬ 
tries. 

The  present  experiment  has  been  designed  to 
ameliorate  technological  constraints  where  possible  and 
to  provide  a  test  bed  for  scaling  to  more  interesting 
parameter  ranges.  In  order  to  facilitate  comparison  with 
theory,  the  interaction  occurs  between  a  solid,  uniform- 
density  cylindrical  beam  propagating  in  a  transverse 
helical  magnetic  field  and  a  circularly  polarized  TE„ 
cylindrical  waveguide  mode.  An  axial  magnetic  field 
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provides  beam  focusing  and  transport,  and.  in  addition, 
permits  gyroresonam  enhancement  of  the  wiggler  field 
and  efficiency  enhancement  by  axial  field  tapering.  The 
performance  goals  for  the  amplifier  are  a  30  dB  large 
signal  gam  (2-3  dB/AL  a  saturated  instantaneous 
bandwidth  greater  than  or  of  the  order  of  20%.  and  an 
efficiency  greater  than  15%  (without  enhancement  tech¬ 
niques).  These  values  are  considered  sufficient  to  dem¬ 
onstrate  the  potential  of  the  uburon  as  a  practical 
alternative  for  high- power,  high-frequency  rf  genera¬ 
tion. 


2.  Kt-kud  uburon  amplifier 

A  schematic  representation  of  the  present  experi¬ 
mental  configuration  is  shown  in  fig.  1  and  consists  of  a 
modified  SLAC  klystron  electron  gun-  an  injected -cur- 
rent  monitor,  a  modified  turnstile  rf  input  coupler,  a 
double  tapered  btfilar  helix  wiggler  and  solenoid  mag¬ 
nets.  a  transmuted -current  monitor,  rf  output  monitors 
and  a  water  calorimeter/ load.  Details  of  component 
designs  and  performance  have  been  reported  elsewhere 
(4,5).  Operation  in  the  K.-hand  as  a  single-stage  ampli¬ 
fier  was  chosen  because  of  equipment  and  diagnostic 
availability,  and  reduced  constraints  on  beam  quality 
and  fabrication  tolerances. 

Three  modifications  have  recently  been  made  to  the 
experiment  to  correct  problems  and  unprove  perfor¬ 
mance.  The  iron  pole  piece  at  the  front  of  the  solenoid 
was  modified  to  alter  the  field  profile  in  the  electron 
gun.  Electron  trajectory  calculations  using  the  revised 
magnetic  field  profile  indicate  that  the  axial  velocity 
spread  of  the  beam  as  it  exits  the  input  coupler  falls 
within  the  range  0.26%  z  Ao^/u,  £  0.023%,  depending 
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Fig.  1.  A  schematic  illustration  of  the  ubitron  cxpenment. 


on  the  inm  coil  setting.  Comparison  of  measured  mac¬ 
roscopic  beam  quantities,  such  as  total  diode  current 
and  transmitted  current,  shows  good  agreement  with 
code  calculations.  Hence,  although  the  quality  of  the 
extracted  beam  has  not  been  directly  measured,  this 
agreement  suggests  that  the  beam  quality  has  indeed 
been  improved.  However,  as  discussed  in  more  detail 
below,  results  from  a  nonlinear  simulation  of  the  inter¬ 
action  indicate  that  the  assumption  of  a  1%  velocity 
spread  is  a  better  match  to  the  experiment. 

The  wiggler  has  been  rewound  to  repair  damage 
resulting  from  a  coolant  flow  failure.  To  prevent  poison¬ 
ing  of  the  oxide-coated  cathode,  the  new  windings  were 
wrapped  while  the  tube  was  still  under  vacuum,  pre¬ 
cluding  use  of  the  original  wire  and  winding  technique. 
Although  the  present  wiggler  differs  in  several  minor 


geometrical  respects  from  the  old  one  (round  instead  of 
rectangular  wire,  new  end  pieces,  etc.),  a  reduction  in 
the  number  of  turns  has  resulted  in  a  significantly 
reduced  wiggler  strength  [G/AJ.  This  has  necessitated  a 
shift  from  dc  to  pulsed- wiggler  operation.  Since  the 
winding  form  and  shell  are  aluminum,  possible  mag¬ 
netic  diffusion  effects  resulting  from  pulsed  operation 
introduce  some  uncertainty  in  the  performance  of  the 
wiggler.  However,  both  pulsed  and  dc  measurements  on 
a  replica  of  the  winding  form  have  shown  very  good 
agreement  with  the  calculated  wiggler  strength. 

Finally,  an  adapter  was  attached  to  one  of  the  four 
output  monitor  ports  to  change  the  circular-to-recungu- 
lar  guide  coupling  from  broad  wall  to  narrow  wall.  This 
eliminates  coupling  to  TM  modes  and.  in  conjunction 
wuh  the  other  ports  of  the  monitor,  provides  a  means  of 


Fig.  2  Typical  data  showing  the  wiggler  currtnl  and  transmuted  beam  current  for  a  run  with  a  beam  voltage  of  215  kV,  a  current  of 

32  A.  a  wiggler  amplitude  of  378  G.  and  an  axial  field  of  2.24  kG 
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Table  1 

The  original  design  and  current  ubitron  experimental  parame¬ 
ters 


Present 

Design 

Voltage  (k  V) 

190-230 

250 

Current  (A| 

0-37 

30/100 

Beam  radius  (cmj 

0.4 

0.4 

Pulse  length  ( psj 

1 

1 

Repetition  rate  (Hz) 

3-30 

1-100 

Wiggler 

Period  (cm) 

2.54 

2.54 

Entrance  (periods  | 

5 

5 

Uniform  (penodsj 

12 

12 

Exit  (periods] 

3 

3 

Field  (G] 

575 

500 

Solenoid  (kG] 

1.8-2.S 

1-3.2 

Frequency  (GHz( 

13.5-17.4 

12.4-18 

discriminating  between  TE  and  TM  modes  at  the  same 
frequency. 

The  present  and  design  operating  parameters  for  the 
experiment  are  given  in  table  1.  The  modulator  voltage 
and  repetition  rate  are  tunable  over  a  wide  range,  but 
the  pulse  width  is  fixed.  Beam  current  is  tunable  from  a 
few  to  approximately  30  A  by  adjustment  of  a  trim  coil 
located  over  the  cathode.  The  wiggler  has  adiabatic 
entrance  and  exit  profiles  and  is  driven  by  a  pulsed 
current  supply  at  the  modulator  repetition  rate.  The 
solenoid  is  operated  dc  with  a  flat  field  profile  for  ail 
results  reported  here.  The  frequency  range  of  the  experi¬ 
ment  is  presently  limited  by  the  rf  driver  amplifier  on 


the  low  side  and  rf  input  coupler  falloff  on  the  high 
side. 


3.  Experimental  results  and  analysis 

Figs.  2  and  3  show  typical  experimental  data.  The 
traces  in  fig.  2  show  the  transmitted  beam  current  (with 
and  without  the  wiggler  field)  and  the  pulsed  operation 
of  the  wiggler.  Note  that  the  wiggler  current  is  flat 
during  the  beam  current  pulse.  These  traces  show  that 
the  electrons  are  on  Group  11  orbits  at  the  beginning  of 
the  voltage  pulse.  As  the  voltage  rises,  the  electrons 
move  toward  and  through  gyroresonance.  and  then  onto 
Group  I  orbits  during  the  voltage  flat  top.  passing  again 
through  gyroresonance  during  the  fall  of  the  voltage 
pulse.  These  effects  are  demonstrated  by  the  reduction 
in  transmitted  current  on  the  rise  and  fall  of  the  voltage 
pulse.  Note  that  the  current  is  constant  during  the 
voltage  flat  top. 

Modulator  voltage  and  rf  output  monitor  traces  are 
shown  in  fig  3.  Two  traces  are  shown  for  the  rf.  the 
transmitted  rf-dnver  signal  without  the  wiggler  (lower) 
and  an  amplified  signal  with  the  wiggler  turned  on.  The 
width  of  the  rf-driver  pulse  and  the  overlap  with  the 
voltage  pulse  can  be  adjusted  as  desired.  Although  the 
portion  of  the  rf-dnver  pulse  before  the  voltage  Hat  top 
could  be  used  to  determine  the  gain,  this  does  not 
account  for  several  factors  such  as  beam  loading  of  the 
input  coupler  Hence,  the  gain  is  determined  from  the 
oulput  power  measured  with  the  wiggler  turned  off  and 


Fig  3  Typical  data  showing  the  modulator  voltage  and  rf  output  signal  for  a  run  with  a  beam  voltage  of  213  kV.  a  current  of  32  A.  a 

wiggler  amplitude  of  3 78  C.  and  an  axial  field  of  124  kG. 
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Fig  4  Uncoupled  dispersion  curves  for  (he  waveguide  inodes  and  the  beam  resonance  lines  lor  the  fundamental  ubitron  and  the 
fundamental  and  harmonic  gyrotron  interactions  for  a  beam  voltage  of  21?  kV  and  a  wiggler  amplitude  of  378  G. 


with  the  wiggler  turned  on.  aJI  other  factors  being  held 
constant.  Both  a  digital  oscilloscope  and  a  peak  power 
meter  are  used  for  these  measurements.  Other  factors 
monitored  on  each  pulse  are  diode  current,  injected 


current,  transmitted  current,  wiggler  current  and 
calorimeter  temperature. 

Rf  performance  has  been  measured  as  a  function  of 
input  signal  polarization.  rf-dnve  power,  wiggler  field. 


F  (GHz) 


ck/(2z*10') 


Fig  5.  Uncoupled  dispersion  curves  for  the  waveguide  modes  and  the  beam  resonance  lines  for  the  fundamental  ubitron  and  the 
fundamental  and  harmonic  gyrotron  interactions  for  a  beam  voltage  of  232  kV  and  a  wiggler  amplitude  of  331  G. 
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injected  current  and  frequency  One  of  the  unique  fea¬ 
tures  of  this  experiment  is  a  flexible  input  coupling 
scheme  providing  the  ability  to  launch  left-  or  nght-ctr- 
cularlv  polarized  waves,  linearly  polarued  waves,  as 
well  as  selected  waveguide  modes  The  rf  results  pre¬ 
sented  below  are  tn  the  small-signal-gain  regime  with 
output  power  directly  proportional  to  input  power  using 
left-circular  polarization.  There  is  no  evidence  of  satura¬ 
tion  and  an  estimated  gain  of  30  dB  is  required  for 
saturation  with  the  available  rf-dnve  power.  As  predic¬ 
ted  by  theory,  very  little  or  no  gam  was  observed  using 
nghi-circular  polarization.  Theory  also  indicates  that 
the  combination  of  a  helical  wiggler  field  and  a  cir¬ 
cularly  polarized  wave  will  yield  the  highest  gain  for  a 
given  input  power  and  wiggle  velocity. 

In  order  to  achieve  high  gam.  efficiency  and  band¬ 
width  simultaneously,  operating  parameters  have  been 
chosen  to  produce  a  grazing  intersection  of  the 
wiggler-shifted  negative-energy  space-charge  wave  with 
the  TEU  circular-waveguide  mode.  Uncoupled  disper¬ 
sion  curves  of  the  ubitron  and  the  first  two  gyrotron 
harmonics  for  two  parameter  sets  are  shown  in  figs.  4 
and  $  Note  ihat  a  broad  intersection  is  achieved  for  the 
ubitron  line  and  that  possible  gyrotron  interactions  are 
well  separated  and  would  be  identifiable  by  both 
frequency  and  mode.  Crazing  intersection  results  m 
slightly  different  characteristics  than  those  usually  asso¬ 
ciated  with  FELs.  Voltage  tuning  is  negligible  while  the 
instantaneous  bandwidth  becomes  very  large.  Lowering 
the  voltage  or  increasing  the  wiggler  field  beyond  a 
certain  point  results  in  nan-owing  and  then  decoupling 
of  the  gain  profile,  while  raising  the  voltage  eventually 
results  in  a  double-peak  profile  with  decoupling  in  the 
center  of  the  band  (see  following  results).  However, 
operation  near  grazing  intersection  should  have  a  be¬ 
neficial  effect  on  issues  such  as  phase  sensitivity  to 
voltage  and  wiggler  variations. 

The  experimental  observations  are  compared  with  a 
fully  three-dimensional  nonlinear  analysis  and  simula¬ 
tion  of  the  ubitron/ FEL  [6-9J  for  this  configuration.  In 
this  analysis,  a  set  of  coupled  nonlinear  differential 
equations  is  solved  which  describes  the  evolution  of  the 
trajectories  of  an  ensemble  of  electrons  as  well  as  the 
electromagnetic  fields.  The  nonlinear  current  which 
mediates  the  interaction  is  computed  from  the  nucro- 
scopic  behavior  of  the  electron  ensemble  by  mear  f 
an  average  of  the  electron  phases  relative  to  .e 
ponderomotive  potential  formed  by  the  beating  of  the 
wiggler  and  rf  fields.  No  wiggler  average  is  performed 
over  the  electron  trajectories;  rather,  the  orbits  are 
integrated  in  three  dimensions  using  the  Lorentz-force 
equations.  As  a  result,  it  is  possible  to  model  the  injec¬ 
tion  of  the  electron  beam  into  the  wiggler  field,  and  the 
initial  conditions  on  the  beam  are  specified  prior  to  the 
entry  of  the  beam  into  the  interaction  region.  It  is 
important  to  remark,  in  this  regard,  that  such  quantities 


as  the  energy  spread  within  the  interaction  region  derive 
from  both  the  initial  energy  spread  (derived  from  the 
gun  and  beam  transport  system)  and  the  wiggler  gradi¬ 
ent.  The  electromagnetic  fields  are  represented  in  the 
form  of  a  superposition  of  the  vacuum-waveguide 
modes,  and  an  arbitrary  number  of  both  TE  and/or 
TM  modes  may  be  included  in  generaL  although  only 
the  TE„  mode  is  important  in  the  present  experiment 
The  rf  space-charge  fields  are  approximated  by  the 
Gould -Tnvelpiece  modes  of  a  fully  filled  waveguide 
(10).  Although  such  a  representation  does  not  precisely 
correspond  to  the  experimental  configuration,  it  con¬ 
stitutes  a  reasonable  approximation  in  the  c-'se  of  a 
grazing-incidence  interaction  (9]. 

Comparisons  between  the  simulation  results  and  the 
measured  gain  indicate  that  an  initial  axial  velocity 
spread  in  the  neighborhood  of  1%  is  required  in  the 
simulation  for  quantitative  agreement  with  measure¬ 
ments.  The  initial  velocity  spread  used  m  the  simulation 
describes  the  condiuon  of  the  beam  prior  to  the  entry 
into  the  wiggler  Subsequent  increases  in  the  velocity 
spread  due  to  transverse  wiggler  gradients  are  included 
self-consistently  in  the  simulation.  As  menuoned  earlier, 
the  electron  trajectory  code  used  to  design  the  electron 
gun  and  transport  system  predicts  velocity  spreads  on 
the  order  of  0.261  or  less.  There  is,  therefore,  a  dis¬ 
crepancy  between  the  axial  velocity  spread  predicted  by 
the  trajectory  code  and  that  used  in  the  ubitron/  FEL 
simulation.  Although  the  sourcefs)  of  this  discrepancy  is 
not  completely  understood,  one  possible  contributor  is 
wiggler  end  effects  not  modelled  in  the  code  This  is  an 
area  of  important  ongoing  study  The  nonlinear  simula¬ 
tion  has.  however,  shown  good  agreement  with  previous 
experiments  in  different  parameter  regimes  19.11] 

A  comparison  of  the  gains  as  found  in  theory  and 
experiment  is  shown  in  figs.  6  and  7.  as  functions  of  the 
frequency  for  the  parameter  sets  of  figs.  4  and  5.  Fig.  6 
illustrates  the  gam  curves  found  (1)  in  the  experiment. 

(2)  in  simulation  wuh  collective  Raman  effects  disabled, 
and  (3)  in  simulation  wuh  complete  collective  effects  In 
practice,  the  collective  effects  may  be  disabled  by  re¬ 
moval  of  the  space-charge  waves  from  the  formulation 
It  is  evident  from  the  figure  that  the  gain  found  by 
means  of  the  collective  Raman  theory  is  in  good  agree¬ 
ment  with  the  experiment.  We  reiterate  that  an  miual 
axial  velocity  spread  of  1%  has  been  assumed  and  that, 
in  general,  the  Raman  theory  has  been  found  to  be  in 
close  agreement  with  the  measured  gain  under  the  as¬ 
sumption  of  a  11  velocity  spread  for  aO  parameters 
studied  (see  also  fig  7).  Comparison  of  the  Compton 
and  Raman  simulations  shows  the  importance  of  collec¬ 
tive  effects  to  the  experiment  since  the  collective  effect 
results  in  a  decrease  in  the  gain  by  a  factor  of  more  than 
2.  It  should  be  noted,  however,  that  the  shape  of  the 
experimental  spectrum  is  suggestive  of  a  double-peaked 
spectrum,  which  is  ut  closer  agreement  with  the  Comp- 
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loo  tunuUuon.  |o  order  to  account  for  this,  we  point 
out  that  the  experiment  operates  in  a  regime  ia  which 
the  two  intersection  points  between  the  waveguide  dis¬ 
persion  curve  and  the  beam  resonance  line  are  suffi¬ 
ciently  dote  that  the  two  resonant  peaks  have  merged 
into  a  tingle  broad  gain  band.  Small  changes  in  any  of 
the  parameters  can  ham  a  marked  effect  upon  the 
detailed  shape  of  the  spectrum.  For  example,  a  small 
«-K»ng>  ia  the  *«— »  voltage  or  wiggler  amplitude  which 
results  in  an  increase  m  the  axial  beam  velocity  would 
shift  the  intersection  points  far  enough  apart  to  give  a 
double-peaked  spectrum  in  simulation.  A  small  drop  in 
the  beam  current  would  have  a  similar  effect  As  such,  it 
is  difficult  to  model  the  detailed  spectral  shape. 
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Fig.  1  Graph  showing  the  variation  in  the  gain  with 
UDpbtudc  at  traqueweim  of  144, 15. 15i  and  114  GHz. 


All  gain  measurements  are  presently  limited  in  band¬ 
width  by  the  output  of  the  if  driver  which  drops  off  at 
13.5  CHz  and  by  the  performance  of  the  rf  input 
coupler  which  falls  off  around  17  GHz.  The  measured 
values  typically  show  a  double-peak  profile  over  the 
13.5-17.4  CHz  band  (2  23*  bandwidth),  although  a 
fairly  flat  gain  profile  baa  bean  measured  with  parame¬ 
ters  selected  for  bendy  grazing  intersection.  To  date,  the 
peak  gain  measured  is  approximately  19  dB  at  17  CHz. 
For  a  different  pnrunrter  act.  a  peak  gain  of  17  dB  waa 
measured  at  13 J  CHz.  Assuming  that  the  gain  occurs 
mainly  over  the  12  uniform  periods  in  the  wiggler.  this 
translates  into  approximately  1.25  dB  per  free- space 
wavelength.  This  value,  achieved  at  leas  than  optimum 
operational  parameters,  ia  an  improvement  over  the 
0.5-0. 7  dB  per  free- spec*  wavelength  achieved  in  Phil¬ 
lips'  end  other  more  recent  experiments  (1-3). 


Fig  9.  Graph  showing  the  variation  ia  the  gain  with  betas 
current  si  frequencies  of  14.4,  is.  15.4.  snd  14.4  GHx. 
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Measurements  of  the  dependence  of  the  gain  on 
wiggler  field  and  beam  current  have  also  been  made.  In 
the  collective  mode  of  operation,  the  gain  is  propor¬ 
tional  to  a.  the  ratio  of  i\ /t\.  which  is  directly  propor¬ 
tional  to  the  wtggler  field.  This  relationship  is  ap¬ 
proximate.  due  to  gyroresonance  effects  and  the  in¬ 
crease  in  wiggler  field  off-ajus.  Measurements  of  gain 
versus  wiggler  field  (fig.  8)  show  this  type  of  linear 
behavior  for  low  field  strengths,  but  then  the  gain  rolls 
over  and  begins  to  drop  with  increasing  wiggler  field  as 
the  ubitron  line  decouples  from  the  waveguide  mode. 
Also,  in  the  collective  or  Raman  mode,  gain  is  propor¬ 
tional  to  the  fourth  root  of  the  injected  cunem.  The 
measured  gam  versus  beam  cunem  (fi<t.  9)  appears  to 
be  consistent  with  this  dependence,  but  the  range  of 
currents  tested  is  not  sufficient  to  discriminate  between 
a  l'/4  (Raman)  or  (strong-pump)  dependence. 

4.  Conclusions 

Amplifier  operation  of  the  NRL  ubitron  experiment 
has  been  achieved  with  a  peak  gain  of  19  dB  and  an 
instantaneous  bandwidth  exceeding  25%.  The  measured 
peak  gain  per  wavelength  is  1.25  dB/A  at  13.5  GHz. 
The  interaction  has  been  identified  by  frequency,  wave¬ 
guide  mode  and  amplification  characteristics  to  be  a 
fundamental  wiggler  harmonic  ubitron/  FEL  interac¬ 
tion  with  the  TEn  waveguide  mode.  Reasonable  agree¬ 
ment  has  been  obtained  between  measurements  and 
theory  concerning  gain,  bandwidth  and  general  perfor¬ 
mance  characteristics.  In  particular,  higher  values  of 
gain  per  free-space  wavelength  have  been  achieved  due 
to  the  combination  of  helical  wiggler  and  circularly 
polarized  waveguide  mode.  The  gain  per  free-space 
wavelength  is  an  important  parameter  to  optimize  for 
future  ubitron  applications. 

Immediate  plans  include  improvements  in  the 
small-signal  calculations  to  correct  the  handling  of 
space-charge  and  nonlinear  calculations  for  both  pre¬ 


sent  and  design  experimental  parameters  Additional 
measurements  such  as  calonmetnc  efficiency,  enhance¬ 
ment  bv  axial  field  tapering  and  phase  sensitivity  are 
also  planned. 
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FUNDAMENTAL-MODE  AMPLIFIER  PERFORMANCE  OF  THE  NRL  UBITRON 
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An  expenmenul  and  theoretical  research  program  10  study  the  ubitron- FEL  interaction  is  in  progress  at  the  Naval  Research 
Laboratory,  including  both  fundamental  and  harmonic  modes  of  operation.  Operation  of  a  ubitron-FEL  amplifier  using  the 
fundamental  wiggler  harmonic  interaction  with  the  TEU  circular-waveguide  mode  is  reported  here.  The  experiment  employs  a 
190-250  keV  electron  beam  with  currents  up  to  37  A.  using  a  helical  wiggler/axial  guide-field  configuration.  Small-signal  gains  as 
high  as  17-19  dB  have  been  observed  in  the  13-18  GHz  frequency  band,  corresponding  to  a  gain  per  free-space  wavelength 
approaching  1.5  dB/A.  These  results  were  obtained  using  a  modified  SLAC  klystron  gun.  Improved  performance  is  expected  using  a 
higher-current  (100  A),  higher-quality  electron  gun  currently  being  installed.  The  theoretical  program  includes  a  nonlinear  analysis  of 
the  rf  and  electron  beam  interaction  while  propagating  through  a  cylindrical  waveguide  with  a  helical-wiggler  field  and  an  axial  guide 
field.  The  analysis  includes  beam  injection  into  the  wiggler.  wiggler  inhomogenieties.  efficiency  enhancement  bv  means  of  tapered 
wigglers.  beam  thermal  effects  and  harmonic  interactions.  The  experimental  results  presented  in  this  paper  are  in  reasonable 
agreement  with  the  nonlinear  simulation  of  the  interaction  in  the  Raman  regime 


t.  Experimental  configuration 

The  Naval  Research  Laboratory  has  instituted  a 
program  to  investigate  the  ubitron-FEL  interaction  [1  - 
3]  as  the  basts  for  a  new  class  of  high-power,  broadband 
micro-  and  millimeter-wave  amplifiers.  Experimentally, 
this  program  includes  the  design,  construction  and  op¬ 
eration  of  a  K„  band  amplifier  Performance  goals  for 
the  NRL  ubttron  amplifier  are:  30  dB  large-vgnal  gain 
(2-3  dB/A).  saturated  instantaneous  bandwidth  greater 
than  201  and  efficiency  greater  than  131. 

The  present  experimental  configuration  (fig.  1)  con¬ 
sists  of  an  advanced  gun  [4],  mjected-current  monitor, 
modified  turnstile  rf  input  coupler,  double-tapered  bi- 
filar  helix  wiggler  and  solenoid  magnets,  transmitted- 
current  monitor,  rf  output  monitors  and  a  water 
calontneter/load.  Details  of  component  designs  and 
performance  have  been  reported  elsewhere  |5.6).  Since 
the  advanced  gun  has  only  recently  been  installed,  the 
results  reported  here  were  obtained  using  a  modified 
SLAC  klystron  gun.  However,  preliminary  performance 
measurements  of  the  ubitron  using  the  advanced  gun 
operated  at  190  kV  are  consistent  with  previous  mea¬ 
surements.  with  the  exception  of  higher  beam  current. 
The  entire  emitted  current,  approximately  70  A,  was 
transported  through  the  tube  without  transmission  loss. 
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The  modulator  voltage  is  tuned  over  the  range  of  190 
to  250  kV.  but  the  pulse  width  is  fixed  at  1  ps.  Beam 
current  is  tunable  from  a  few  to  approximately  37  a  by 
adjustment  of  a  tnm  coil  located  over  the  cathode  The 
solenoid  is  operated  dc  with  a  flat  field  profile  at  2-3 
kG  for  all  results  reported  here  The  beam  modulator,  rf 
modulator  and  wiggler  pulser  are  all  repeutivelv  pulsed 
at  6-60  Hz. 

The  wiggler  has  adiabatic  entrance  ar.d  exit  profiles 
when  driven  dc.  However,  to  achieve  sufficient  trans¬ 
verse  field  with  a  repaired  and  modified  wiggler.  the 
wiggler  is  driven  by  a  pulsed-currem  supply  at  the 
modulator  repetition  rate.  Measurements  of  the  mod¬ 
ified  wiggler  field  profile  could  only  be  made  after  the 
ubitron  amplifier  data  were  obtained,  since  repairs  were 
made  while  the  tube  was  still  under  vacuum.  The  mea¬ 
sured  transverse  field  profile  of  the  wiggler.  operated 
both  pulsed  and  dc.  is  shown  in  fig.  2.  Two  effects  are 
observed.  First,  adiabaticity  deteriorates  dunng  pulsed 
operation,  resulting  from  magnetic  diffusion  effects  due 
to  the  aluminum  winding  form.  Also,  the  effective  wig- 
gJer  penod  is  slightly  larger  Secondly,  the  perpendicu¬ 
lar  field  in  the  “uniform"  region  is  not  constant  The 
large  aperiodic  variations  of  the  perpendicular  field  in 
this  region  are  difficult  to  model  theoretically,  and  are 
partially  responsible  for  the  differences  between  experi¬ 
ment  and  theory  described  below. 

2.  Experimental  results  and  analysis 

R/  performance  has  been  measured  as  a  function  of 
input  signal  polarization,  rf-dnve  power,  wiggler  Held. 
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Fig.  1  NRL  K.-band  uburon  amplifier:  experimental  configuration 
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injected  current  and  frequency.  The  rf  results  presented 
below  are  in  the  small-signal  gain  regime  with  output 
power  directly  proportional  to  input  power  using  left- 
circular  polarization.  Gain  is  determined  from  the  out¬ 
put  power  measured  with  the  wiggler  turned  off  and 
with  the  wiggler  turned  on.  all  other  factors  being  held 
constant.  Output  power  is  linearly  dependent  on  input 
power,  with  no  evidence  of  saturation  at  present.  As 
predicted  by  theory,  very  Utile  or  no  gain  was  observed 
using  nght-circular  polarization. 

A  set  of  typical  waveforms  obtained  for  a  particular 
parameter  set.  overlaid  to  show  their  temporal  relation¬ 
ship.  is  shown  in  fig.  3.  Nouce  the  fraction  of  beam  lost 


to  the  wall  during  the  Group  11-Group  I  orbit  transi¬ 
tions  on  the  nse  and  fail  of  the  voltage  pulse. 

All  gain  measurements  are  presently  limited  in  band¬ 
width  by  components  external  to  the  interaction  region: 
the  high-power  rf  dnver  below  13.5  GHz  and  the  rf 
input  coupler  above  17  GHz.  The  measured  values 
typically  show  a  double-peak  profile  over  the  13.5-17  4 
GHz  band  (2:251  bandwidth),  although  a  fairly  flat 
gain  profile  has  been  measured  with  parameters  selected 
for  barely  grazing  intersection.  To  date,  the  maximum 
measured  gam  is  approximately  19  dB  at  17  GHz.  For  a 
different  parameter  set.  a  maximum  gain  of  17  dB  was 
measured  at  13.5  GHz.  Assuming  that  gain  occurs 
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Fig.  2  Wiggler  on-ajux  transverse  field  profile. 
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ma<nly  over  the  measured  10  uniform  periods  in  the 
wiggler.  this  translates  into  approximately  1.5  dB  per 
free-space  wavelength.  This  value,  achieved  at  less  than 
optimum  operational  parameters,  is  an  improvement 
over  the  0.5-0. 7  dB  per  free-space  wavelength  achieved 
in  Phillips'  (t-3)  and  other  more  recent  experiments. 

Although  a  portion  of  the  experimental  results  have 
been  previously  presented,  theoretical  performance  has 
been  recalculated  m  light  of  the  measured  wiggler  field 
profile.  Comparisons  between  the  simulation  results  and 
experiment  are  complicated  by  the  shape  of  the  mea¬ 
sured  wiggler  profile.  The  present  theoretical  formula¬ 
tion  requires  adiabatic  magnetic-field  changes:  a  condi¬ 
tion  not  well  satisfied  by  the  present  wiggler.  For  simu¬ 
lation  purposes,  the  measured  wiggler  field  profile  is 
approximated  by  reducing  the  effective  entry  taper  from 
5  to  4  periods,  decreasing  the  “uniform"  region  from  12 
to  10  periods  with  constant  amplitude  and  increasing 
the  exit  taper  from  3  to  5  periods. 

The  experimental  observations  are  compared  with  a 
fully  three-dimensional  nonlinear  analysis  and  simula¬ 
tion  of  the  uburon/FEL  (7-10J  for  this  configuration. 
Injection  of  the  electron  beam  into  the  wiggler  field  is 
modelled  using  beam  initial  conditions  specified  prior 
to  the  entry  of  the  beam  into  the  interaction  region.  The 
energy  spread  within  the  interaction  region  results  from 
both  the  initial  energy  spread  (derived  from  the  gun  and 
beam  transport  system)  and  the  wiggler  gradient,  and  is 
computed  sclf-consistently.  An  initial  axial  velocity 
spread  of  -  0  25%  is  required  in  the  simulation  for 
quantitative  agreement  with  measurements.  This  is  con¬ 
sistent  with  velocity  spreads  calculated  by  the  electron 
trajectory  code  used  to  design  the  electron  gun  and 
transport  system. 

A  comparison  of  the  gain  as  found  in  theory  and 
experiment  is  shown  m  figs.  4,  5  and  6  as  a  function  of 
frequency,  wiggler  field,  and  beam  current,  respectively 
Experimental  parameters  are  as  listed.  It  should  be 
noted  that  the  shape  of  the  experimental  spectrum  is 
more  sharply  peaked  than  the  simulation  spectrum.  At 
least  two  factors  could  be  responsible  for  the  observed 
differences.  First,  small  changes  in  any  of  the  parame¬ 
ters  can  have  a  marked  effect  upon  the  detailed  shape  of 
the  spectrum.  For  example,  a  small  change  in  the  beam 
voltage  or  wiggler  amplitude  which  results  in  an  in¬ 
crease  in  the  axial  beam  velocity  would  shift  the  inter¬ 
section  points  far  enough  apart  to  give  a  more  sharply 
peaked  spectrum  in  simulation.  A  small  drop  in  the 
beam  current  would  have  a  similar  effect  As  such,  it  is 
difficult  to  model  the  detailed  spectral  shape.  Secondly, 
differences  between  the  actual  wiggler  field  profile  and 
the  approximated  profile  for  simulation  could  be  suffi¬ 
cient  to  preclude  exact  agreement  Modifications  to  the 
simulation  code  are  currently  in  progress  to  permit 
modelling  wiggler  Helds  such  as  shown  in  fig.  2.  Modifi- 
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cauons  to  the  wiggler  design  are  also  m  progress  that 
will  result  in  a  much  flatter  uniform  region 

Gam.  as  a  funcuon  of  wiggler  field,  is  shown  in  fig  5 
for  a  second  parameter  set.  Also  shown  is  the  calculated 
dependence  of  gain  on  wiggler  field  for  two  values  of 
velocity  spread.  Although  the  calculated  profiles  are 
considerably  broader  than  the  experimental  measure¬ 
ment  the  field  at  peak  gain  is  only  8-15%  greater  than 
the  experimental  value. 

The  measured  gain  versus  beam  current  (fig.  6)  gen¬ 
erally  follows  an  /°6  dependence,  which  is  closer  to  an 
/'/3  (ID,  strong-pump)  than  an  I1' 4  (Raman)  depen- 
dcnce.  Experimental  measurements  for  frequencies  from 
14.6  to  16.4  GHz  are  shown,  u  well  as  the  simulation 
result  for  15  GHz.  However,  more  data  is  needed  before 
a  definitive  current  dependence  statement  can  be  made. 


3.  Conclusions 

Amplifier  operation  of  the  NRL  ubilron  experiment 
has  been  achieved  with  a  peak  gain  of  19  dB  and  an 
instantaneous  bandwidth  exceeding  25%.  The  measured 
peak  gain  per  wavelength  is  1.5  dB/X  at  13.5  GHz  The 
interaction  has  been  identified  by  frequency,  waveguide 
mode  and  amplification  characteristics  to  be  a  funda¬ 
mental  wiggler  harmonic  ubitron-FEL  interaction  with 
the  TEn  waveguide  mode.  High  values  of  gam  per 
free-space  wavelength  have  been  achieved  due  to  the 
combination  of  helical  wiggjer  and  circularly  polarized 
waveguide  mode.  In  spite  of  a  rather  poor  wiggjer  field 
profile,  reasonable  agreement  has  been  obtained  be¬ 
tween  measurements  and  theory  concerning  gain,  band¬ 
width  and  general  performance  characteristics.  Thu  in¬ 
dicates  that  ubilron  performance  is  relatively  insensitive 
to  wiggler  field  abenauoas  for  configurations  resulting 
in  high  gain  per  free-space  wavelength. 

Immediate  plans  include  extended  performance  mea¬ 
surements  using  the  advanced  gun.  improvements  in  the 
small-signal  calculations  involving  space  charge  and  re- 
alistic  wiggler  magnetic  fields,  as  well  as  nonlinear 
calculations  for  both  present  and  design  experimental 
parameters.  Additional  measurements  such  as  calori¬ 
metric  efficiency,  enhancement  by  axial  field  tapcnng 
and  phase  sensitivity  are  also  planned. 
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ABSTRACT 

Improved  amplifier  performance  of  the  NRL  Ku-band  ubitron  is  reported  following 
several  experimental  modifications.  The  major  modification  is  the  substitution  of  a  higher 
current  (100A),  higher  quality  electron  gun  for  the  original  modified  SLAC  klystron  gun 
(250  kV,  37A).  The  experimental  configuration  is  otherwise  unchanged:  a  solid,  uniform 
density  electron  beam  propagating  through  a  helical  wiggler/axial  guide  field  configuration, 
interacting  with  a  copropagating  circularly  polarized  TEn  RF  wave.  With  these  changes, 
small  signal  gains  of  23  dB  have  been  observed  in  the  12.6  -  17.5  GHz  frequency  range. 
Good  agreement  between  measured  and  calculated  gain  in  the  Raman  regime  has  been 
obtained  using  a  three-wiggler  model  in  the  3-D  nonlinear  FEL  code  ARACHNE. 
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INTRODUCTION 


The  Vacuum  Electronics  Branch  of  the  Naval  Research  Laboratory  has  an  ongoing 
program  to  evaluate  the  potential  of  the  ubitron/FEL  interaction  as  a  high-gain,  high-power, 
broad  bandwidth  micro-  or  millimeter  wave  source.  Moderate  gain  operation  of  the  NRL 
ubitron  has  been  previously  reported  using  a  modified  SLAC  klystron  gun  [1,2].  An 
improvement  in  the  gain  has  been  observed  following  the  installation  of  a  higher  current, 
higher  quality  electron  gun  [3].  The  maximum  gain  for  a  uniform  axial  field  is  20  dB,  and 
substantial  gain  has  been  measured  over  the  12.6  to  17.4  GHz  frequency  range.  Gain  is 
found  to  be  limited  by  the  onset  of  a  high-power  oscillation.  The  oscillation  can  reach  high 
power  levels  (=  700  kW)  and  is  dependent  on  the  wiggler  field.  Power  is  also  dependent 
on  the  axial  field  profile  and  trim  coil  current.  In  addition,  it  exhibits  oscillation  thresholds 
dependent  upon  both  beam  voltage  and  wiggle-velocity.  Both  amplifier  and  oscillator 
experimental  measurements  are  compared  with  a  fully  three-dimensional  nonlinear 
simulation  of  this  configuration  using  the  code  ARACHNE  [4-7], 

EXPERIMENTAL  CONFIGURATION 

The  present  amplifier  configuration  is  shown  in  Fig.  1.  The  electron  gun  is  on  the 
left.  All  current  emitted  from  the  gun  is  magnetically  focused  and  injected  into  the 
interaction  region;  no  beam  scraping  is  used.  A  solenoidal  field,  generated  by  14  individual 
coils,  is  used  for  beam  confinement  and  transport.  Following  the  direction  of  beam 
propagation,  the  major  components  are:  resistive  injected-current  monitor,  modified  4-port 
turnstile  junction  input  coupler,  double  taper,  fluid  cooled  bifilar  helix  (repetitively  pulsed), 
resistive  transmitted  current  monitor,  beam  collector,  4-port  output  coupler,  and 
combination  water  load/calorimeter.  The  input  coupler  generally  launches  a  LHCP  TEi  , 
fundamental  mode  wave  into  the  interaction  region,  although  it  can  also  launch  a  linearly 


polarized  wave  if  desired.  The  output  coupler  employs  both  broadwall  and  narrow  wall 
ports  for  TE/TM  mode  selection  purposes.  Essentially  all  of  the  injected  and  amplified  RF 
power  is  absorbed  in  the  water  load/calorimeter.  The  parameter  range  over  which  the 
ubitron  has  been  operated  is:  190  <  V&  <  250  kV,  65  <  lb  <  94  A,  1.8  <  Bz  <  2.9  kG,  Bw 
<  575  G,  and  12.6  </  <  17.4  GHz.  The  wiggler  field  has  a  2.54  cm  period  with 
effectively  10  periods  in  the  uniform  region  and  4  and  5  periods  in  the  entrance  and  exit 
tapers,  respectively.  The  device  is  typically  repetitively  pulsed  in  the  3  -  6  Hz  range. 


EXPERIMENTAL  RESULTS  AND  COMPARISON  WITH  THEORY 

Ubitron  amplifier  performance  has  been  measured  as  a  function  of  several 
independent  variables:  RF  frequency,  wiggler  field,  beam  voltage,  and  axial  field.  Most 
measurements  are  in  the  small  signal  regime;  saturation  was  not  reached.  The  major 
performance  results  discussed  below  are  gain  vs.  frequency  and  wiggler  field. 

The  RHCP  wiggler  field  is  generated  by  a  multiple  turn  bifilar  helix  electromagnet 
with  radially  tapered  entrance  and  exit  sections  which  was  wound  on  an  aluminum  form  in 
anticipation  of  DC  operation.  However,  due  to  cooling  problems,  the  wiggler  is  operated  in 
a  repetitively  pulsed  mode  to  achieve  high  field  strengths.  As  shown  in  Fig.  2,  the  resulting 
transverse  field  profile  was  measured  only  on-axis.  Due  principally  to  magnetic  diffusion 
effects,  the  field  profile  departs  considerably  from  the  ideal  profile,  which  would  consist  of 
a  smooth  adiabatic  increase  in  transverse  field  followed  by  a  constant  transverse  field 
region  and  then  an  adiabatically  decreasing  field. 

In  addition  to  the  reduced  performance  that  could  be  expected  from  this  wiggler 
profile,  comparison  between  experiment  and  theory  is  complicated  due  to  the  difficulty  in 
modelling  this  field.  Since  only  the  on-axis  transverse  field  profile  was  measured, 
insufficient  data  were  obtained  to  directly  incorporate  the  measured  profile  into  the 
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simulation.  For  simulation  purposes,  therefore,  the  wiggler  Field  is  approximated  as  the 
(  superposition  of  the  fields  of  three  ideal  bifilar  helices  of  different  amplitude  and  period. 

The  fit  is  also  shown  in  Fig.  2,  and  comes  reasonably  close  to  replicating  the  fine  structure 
in  the  uniform  field  region. 

^  The  small  signal  gain  is  shown  in  Fig.  3  for  the  following  parameters:  Vb  =  232kV, 

lb  =  85A,  Bz  =  2.51kG,  Bw  =  294G,  and  Pj,  *  150W.  The  solid  line  represents  simulation 
results  in  the  Raman  regime  from  the  code  ARACHNE  for  axial  energy  spreads  of  0  and 
^  0.25%.  For  this  set  of  parameters,  velocity  spread  has  little  effect  on  gain.  The  simulation 

results  are  in  good  agreement  with  the  measured  average  gain,  but  are  less  accurate 
concerning  the  detailed  profile.  Contributing  factors  to  this  discrepancy  are  the  wiggler  field 
model,  detailed  beam  characteristics  not  included  in  the  code,  and  treatment  of  AC  space 
charge  in  the  code. 

The  saturation  behavior  has  not  been  measured  due  to  an  RF  oscillation  that  limited 

the  maximum  gain  to  approximately  20  dB.  This  value  was  measured  at  14.8  and  16.6 

I 

GHz  for  different  combinations  of  Vb,  BZ)  and  Bw.  Insufficient  RF  drive  power  was 
available  to  achieve  saturation  at  this  level  of  gain.  The  maximum  power  measured  in  the 
amplifier  mode  was  200  -  300  kW  using  a  uniform  Bz  field.  However,  approximately  23 
dB  of  gain  has  been  measured  using  a  nonuniform  Bz  field.  Bandwidth  in  the  small  signal 
regime  exceeds  25%,  and  the  calculated  peak  gain/wavelength  is  approximately  1.6  dB/A. 

To  further  characterize  ubitron  performance,  the  gain  dependence  on  wiggler  field 
*  was  measured  and  calculated  for  a  second  set  of  parameters  and  is  shown  in  Fig.  4.  In  this 

case,  the  simulation  and  measurements  are  in  good  agreement  for  the  wiggler  field  required 
to  generate  maximum  gain.  However,  the  values  of  that  maximum  gain  differ  significantly. 

^  Discrepancies  between  experiment  and  theory  are  due  to  the  same  factors  listed  above. 
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In  attempting  to  increase  amplifier  gain  by  increasing  the  wiggler  field,  an 
oscillation  was  observed  that  limited  maximum  gain,  and  which  reached  power  levels  of 
approximately  700  kW  [corresponding  to  an  efficiency  of  3%]  at  a  frequency  of 
approximately  17.4  GHz.  Severe  beam  disruption  also  occurred  at  high  power  levels. 
Identification  of  the  oscillation  mechanism  remains  elusive  at  this  time.  Experimental 
evidence  points  to  either  a  fundamental  ubitron  oscillation  with  the  TEn  mode,  or  a  second 
harmonic  ubitron  interaction  with  the  TE21  mode.  This  ambiguity  results  from  inadequate 
diagnostics  to  discriminate  between  TE  modes.  The  principal  characteristics  of  the 
oscillation  are: 

1)  The  oscillation  requires  the  wiggler  field,  and  is  not  strongly  dependent  on  the  axial 
field;  hence  it  is  not  a  cyclotron  maser.  The  oscillation  would  have  to  switch  between 
the  2nd,  3rd  and  4th  gyrotron  harmonics  to  maintain  either  a  TE21,  or  a  TEn 
intersection  near  18  GHz  for  the  parameters  at  which  oscillation  was  observed. 

2)  Oscillation  power  is  dependent  on  the  axial  field  profile,  wiggler  field  amplitude,  and 
on  gun  trim  coil  current.  Measurements  of  oscillator  power  dependence  on  wiggler  field 
is  shown  in  Fig.  5  for  two  axial  field  profiles.  The  compression  Bz  profile  has  the 
effect  of  slightly  reducing  the  beam  diameter  in  the  wiggler  region.  The  maximum 
power  in  this  case  is  considerably  reduced  from  the  maximum  power  measured  with  a 
uniform  Bz,  for  nominal  values  of  trim  current,  although  the  oscillation  will  start  at  a 
lower  wiggler  field.  Measurements  of  oscillator  power  vs.  trim  coil  current  for  both 
field  profiles  show  a  strong  linear  reduction  in  oscillator  power  with  increasing  trim 
current. 

3)  High  output  power  is  possible.  However,  at  high  power  levels,  considerable  pulse- 
to- pulse  amplitude  fluctuations  were  observed,  not  correlated  to  macroscopic  parameter 
variations.  Both  output  coupler/diode  detector  and  calorimetric  power  measurements 
were  made. 


4)  The  oscillation  frequency  is  near  the  TE21  mode  cutoff  which,  typically,  differs  from 
the  amplifier  frequency.  A  wavemeter  was  used  for  this  measurement.  The  oscillation 
does  not  appear  to  be  a  typical  feedback  oscillation  at  the  driven  frequency,  but  grows 
from  noise  on  the  beam  at  17.4  GHz.  Examination  of  uncoupled  dispersion  curves  for 
both  TEn  and  TE21  combinations  show  possible  intersections  near  17.4  GHz. 

5)  An  oscillation  threshold  exists  at  an  on-axis  velocity  ratio,  independent  of  the  axial 
field  over  the  range  of  1.9  to  2.9  kG.  The  wiggler  field  required  to  initiate  the 
oscillation  was  measured  for  a  variety  of  beam  voltages  and  axial  field  values  and/or 
profiles.  Although  the  initiation  wiggler  field  spans  the  range  of  250  to  300  G,  the  on- 
axis  vx/vii  is  found  to  be  approximately  0.13,  computed  in  each  case  for  an  ideal 
wiggler  field  and  a  uniform  axial  field  of  the  measured  values. 

6)  No  oscillation  occurs  for  beam  voltages  below  approximately  200  kV  -  independent 
of  the  wiggler  field  magnitude.  At  this  voltage,  the  second  harmonic  TE21  interaction 
occurs  a  a  frequency  of  18.7  GHz  which  is  considerably  higher  than  observed. 
However,  there  is  no  TEn  mode  intersection  at  all  at  this  voltage. 

7)  Output  coupler  characteristics  eliminate  the  possibility  of  a  TM  interaction. 

The  amplifier  code  ARACHNE  [including  the  three- wiggler  model],  was  employed 
to  model  the  interaction.  In  order  to  obtain  a  second  harmonic  ubitron  interaction  with  the 
TE21  mode  the  waveguide  radius  was  increased  from  0.815  cm  to  0.844  cm  in  order  to 
lower  the  cutoff  frequency  below  the  measured  17.4  GHz  oscillation  frequency.  Simulation 
results  are  presented  in  Fig.  5,  showing  the  computed  oscillator  power  (saturated  amplifier 
power)  as  a  function  of  wiggler  field  for  a  uniform  2.76  kG  axial  field.  The  shape  of  the 
curve  is  in  reasonable  agreement  with  measured  data,  lending  credence  to  the  hypothesis 
that  this  is  a  second  harmonic  interaction  with  the  TE21  mode.  The  maximum  computed 
oscillator  power  [intracavity]  is  approximately  1.5  MW,  also  in  reasonable  agreement  with 
the  estimated  maximum  oscillator  output  power  of  700  kW.  Calculations  of  the  saturated 
amplifier  power  for  the  TEn  mode  using  ARACHNE  [with  the  nominal  waveguide  radius 


of  0.815  cm]  are  on  the  order  of  4-5  MW.  This  is  considerably  higher  than  the  measured 
value. 

Factors  favoring  the  TEi  i  interpretation  are:  1)  the  measured  frequency  is  consistent 
with  a  TEn  intersection  for  the  nominal  waveguide  radius,  2)  the  voltage  threshold  is 
consistent  with  no  TEu  intersection  for  those  parameters,  and  3)  no  mode  conversion  is 
required  for  the  free  propagation  of  the  signal.  Arguments  against  the  TEn  interpretation 
are  less  well  founded  on  explicit  observations:  1)  measurements  of  component  return  loss 
using  linear  polarization  do  not  show  large  reflections  at  17.4  GHz,  reflectivity  is  actually 
higher  near  17.8  GHz,  2)  the  reason  for  the  power  sensitivity  to  trim  coil  current  is  not 
clear,  and  3)  the  measured  power  level  appears  to  be  considerably  lower  than  predicted  by 
simulation. 

The  primary  factors  leading  to  a  TE21  interpretation  of  the  observed  oscillation 
characteristics  are:  1)  The  reflectivity  is  high  near  cutoff  which  facilitates  oscillation,  2)  the 
dispersion  curve  intersection  frequency  is  fairly  constant,  not  highly  dependent  on  external 
parameters,  3)  operation  near  cutoff  is  also  consistent  with  pulse-to-pulse  power 
fluctuations  and  power  sensitivity  to  trim  current,  and  4)  the  observed  power  is  consistent 
with  the  expected  saturation  level  based  on  simulations.  The  primary  factors  against  a  TE21 
interpretation  are  related.  While  it  is  possible  that  the  dispersion  curve  is  altered  in  such  a 
manner  to  reduce  the  cutoff  frequency  from  the  vacuum  value  of  17.8  to  17.4  GHz  in  the 
interaction  region,  TE21  propagation  beyond  the  beam  collector  is  not  possible  without 
mode  conversion,  since  17.4  GHz  is  below  the  vacuum  waveguide  cutoff. 

SUMMARY 

Amplifier  performance  of  the  NRL  ubitron  has  improved  following  the  installation 
of  a  higher  current,  higher  quality  electron  gun.  A  gain  of  20  dB  has  been  measured, 
corresponding  to  a  peak  gain/wavelength  of  1.6  dB/A.  The  maximum  output  power  is  200- 


300  kW.  3-D  nonlinear  simulations  of  the  ubitron  configuration,  including  a  three  wiggler 
model,  are  in  reasonable  agreement  with  measured  data.  Small  signal  bandwidth  has  been 
measured  to  exceed  25%.  However,  saturation  has  not  been  achieved  due  to  gain 
limitations  caused  by  the  onset  of  a  high  power  oscillation.  The  oscillation  can  be  fairly 
powerful;  approx.  700  kW  has  been  measured.  The  oscillation  mechanism  has  not  been 
conclusively  identified  at  this  time.  A  major  component  redesign  is  currently  under  way  in 
order  to  improve  the  wiggler  and  to  enhance  the  diagnostics  available  for  distinguishing 
between  TE  modes. 


ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  Office  of  Naval  Research  and  the  Office  of  Naval 
Technology. 

REFERENCES 

[1]  R.  H.  Jackson,  D.  E.  Pershing,  and  F.  Wood,  Nucl.  Instr.  and  Meth.  A259  (1987) 
99. 

[2]  D.  E.  Pershing,  R.  H.  Jackson,  H.  P.  Freund,  and  H.  Bluem,  Nucl.  Instr.  and  Meth. 
A 285  (1989)  56. 

[3]  G.  Merdinian,  G.  Miram,  R.  Jackson,  R.  Parker,  and  D.  Pershing,  Technical  Digest 
Int.  Electron  Devices  Meeting,  1985,  Washington,  D.  C.  (IEEE  Press,  New  York,  1985)  p. 
188. 

[4]  A.K.  Ganguly  and  H.P.  Freund,  Phys.  Rev.  A  32  (1985)  2275. 

[5]  H.P.  Freund  and  A.K.  Ganguly,  Phys.  Rev.  A  33  (1986)  1060. 

[6]  H.P.  Freund  and  A.K.  Ganguly,  Phys.  Rev.  A  34  (1986)  1242. 

[7]  A.K.  Ganguly  and  H.P.  Freund,  Phys.  Fluids  31  (1988)  387. 


FIGURE  CAPTIONS 


Fig.  1  Schematic  illustration  of  the  NRL  ubitron. 

Fig.  2  Comparison  of  the  measured  transverse  on-axis  wiggler  field  and  the  three-wiggler 
model  used  in  simulation. 

Fig.  3  Small  signal  gain  of  the  amplifier  in  the  TEn  mode. 

Fig.  4  Dependence  of  the  TEu  small-signal  gain  upon  the  wiggler  field. 

Fig.  5  Dependence  of  the  oscillation  power  on  wiggler  field  for  two  axial  field  profiles, 
and  comparison  with  the  TE21  mode  second  harmonic  oscillation  calculation. 
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The  nonlinear  evolution  of  a  free-electron  laser  (FEL)  amplifier  is  investigated  for  a  configuration 
in  which  an  electron  beam  propagates  through  an  overmoded  rectangular  waveguide  in  the  presence 
of  a  planar  wiggler  with  parabolicaily  tapered  pole  pieces.  The  analysis  is  fully  three  dimensional 
and  describes  the  evolution  of  an  arbitrary  number  of  resonant  TE  and/or  TM  modes  of  the  rec¬ 
tangular  guide  as  well  as  the  trajectories  of  an  ensemble  of  electrons.  Numerical  amulations  are 
conducted  for  parameters  consistent  with  the  35-GHz  amplifier  experiment  performed  by 
Orzechowski  and  co-workers  [Phys.  Rev.  Lett.  54,  889  (1985);  57,  2172  (1986)],  in  which  the  TEoi, 

TE.,.  and  TMj,  modes  were  observed.  The  theory  is  found  to  be  in  good  agreement  with  the  experi¬ 
ment.  Surprisingly,  comparison  with  a  single-mode  analysis  shows  that  the  enhancement  of  the 
efficiency  of  the  TEo,  mode  obtained  by  means  of  a  tapered  wiggler  is  significantly  greater  (as  well  as 
being  in  substantial  agreement  with  the  experiment)  when  the  TEj,  and  TM2,  modes  are  included  in 
the  simulation. 


I.  INTRODUCTION 

The  free-electron  laser  (FEL)  has  been  shown  to  be  a 
high-power  radiation  source  over  a  broad  spectrum  ex¬ 
tending  from  microwave1- 15  through  optical14-11  wave¬ 
lengths.  For  operation  at  relatively  low  beam  energies 
(typically  below  about  500  keV)  and  long  wavelengths, 
the  device  is  termed  a  Ubitron1  and  the  interaction 
occurs  in  the  vicinity  of  the  lowest-order  waveguide 
cutoff*.  As  a  consequence,  the  system  can  be  designed  in 
such  a  way  that  the  beam  is  resonant  only  with  the 
lowest-order  waveguide  mode,  and  a  single-mode  analysis 
is  sufficient  to  describe  many  aspects  of  the  interaction. 
However,  at  higher  energies  and  shorter  wavelengths,  the 
interaction  is  overmoded  in  the  sense  that  the  electron 
beam  can  be  resonant  with  several  (perhaps  many)  modes, 
and  the  competition  and  interaction  between  the  modes 
has  important  consequences  for  the  interaction. 

The  motivation  for  the  present  work  is  to  develop  a 
multimode  nonlinear  theory  and  simulation  code  for  a 
Ubitron  FEL  amplifier  which  employs  a  planar  wiggler. 
This  general  configuration  has  been  extensively  studied  in 
the  linear  regime.-2-27  The  present  nonlinear  analysis  is 
based  on  previously  described  single-mode  nonlinear 
analyses  of  a  helical-wiggler-axial-guide-field21-31  and 
planar-wiggler32  configurations.  The  development  of  a 
multimode  analysis  represents  a  straightforward  generali¬ 
zation  of  the  single-mode  theories,  and  involves  the  cal¬ 
culation  of  J  E  for  each  mode  as  well  as  the  integration  of 
electron  trajectories  in  the  aggregate  field  composed  of 
the  sum  of  all  the  resonant  modes.  The  particular 
configuration  considered  in  the  present  work  is  that  of  a 
planar-wiggler  geometry  in  which  the  electron  beam 
propagates  through  a  rectangular  waveguide,  although 
multimode  analyses  can  also  be  developed  for  optical 
Gaussian  resonator  modes.33  -  35  The  detailed  wiggler 
model  we  employ  includes  the  effect  of  parabolicaily 
shaped  pole  pieces  in  order  to  provide  for  electron  focus- 
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ing  in  the  plane  of  the  bulk  wiggler  motion,1’34  and  we 
model  the  injection  of  the  electron  beam  into  the  wiggler 
by  allowing  the  wiggler  amplitude  to  increase  adiabatical- 
ly  from  zero  to  a  constant  level.  In  addition,  we  consider 
the  effect  of  a  tapered  wiggler  amplitude  on  efficiency 
enhancement  in  overmoded  systems.  As  in. the  case  of 
the  single-mode  analysis,32  the  overlap  between  the  elec¬ 
tron  beam  and  the  transverse-mode  structure  of  either 
TE  or  TM  modes  is  included  in  a  self-consistent  way,  and 
no  arbitrary  “filling  factor"  is  necessary.  Although  the 
problem  of  interest  is  that  of  an  overmoded  FEL 
amplifier  which  requires  a  multimode  treatment,  only 
single-frequency  propagation  need  be  considered.  As  a 
result.  Maxwell's  equations  may  be  averaged  over  a  wave 
period  which  results  in  the  elimination  of  the  fast-time- 
scale  phenomena  from  the  formulation. 

The  organization  of  the  paper  is  as  follows.  The  gen¬ 
eral  formulation  is  described  in  Sec.  II,  and  allows  for  the 
inclusion  of  an  arbitrary  number  of  modes  of  TE  and/or 
TM  polarization,  subject  to  the  restriction  that  all  are 
propagating  modes  at  the  same  frequency.  A  direct  ap¬ 
plication  of  the  multimode  analysis  is  to  the  description 
of  a  recent  experiment  by  Orzechowski  and  co- 
workers,9, 13  in  which  the  TE^,,  TEj,,  and  TM2,  modes  of 
a  rectangular  waveguide  were  observed.  Numerical  ex¬ 
amples  appropriate  to  (his  experiment  are  discussed  in 
Sec.  Ill,  and  good  agreement  with  the  experiment  is 
found.  A  summary  and  discussion  is  given  in  Sec.  IV. 


n.  GENERAL  FORMULATION 

The  configuration  we  employ  is  that  of  an  electron 
beam  propagating  through  an  overmoded  rectangular 
waveguide  in  the  presence  of  a  planar-wiggler  field  gen¬ 
erated  by  a  magnet  array  with  parabolicaily  tapered  pole 
pieces.1 34  As  a  result,  the  wiggler  field  is  assumed  to  be 
of  the  form 
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B„(t)  =  Bm  jcosJk„z  sinh 


k*y  L 


e,  +cosh  cosh 


k.y  „ 
v'l  *' 


y-  kwx  kmy 

-v/2cosh  — =-  sinh  — f-  %\n(kwz)tt  , 


where  Bw  denotes  the  wiggler  amplitude  and  kw 
(  =2v/km )  is  the  wiggler  wave  number.  The  injection  of 
the  beam  into  the  wiggler  is  modeled  by  an  adiabatic  in¬ 
crease  in  the  wiggler  amplitude  over  Nm  periods.  In  addi¬ 
tion,  since  the  enhancement  of  the  efficiency  by  means  of 
a  tapered  wiggler  is  also  studied,  the  wiggler  amplitude 
will  be  tapered  downward  starting  at  some  point  z0 
downstream  from  the  entry  region  in  a  linear  fashion. 
For  this  purpose  we  choose 

BmsinHkwz/iNw),  0<z<Nm\w 
Bw(z)=  B„,  JV„kv<z<z0  (2) 

BJl -V).  *>2o 

where 
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describes  the  slope  of  the  taper.  Since  the  fringing  fields 
associated  with  the  tapered  wiggler  amplitude  are 
neglected,  this  representation  requires  the  slopes  of  the 
taper  to  be  small  (i.e.,  Nm  must  be  large  and  |  e„  |  «  1 ). 

The  boundary  conditions  at  the  waveguide  wall  may  be 
satisfied  by  expanding  the  vector  potential  in  terms  of  the 
orthogonal  basis  functions  of  the  vacuum  waveguide. 
Thus  we  write  the  vector  potential  of  the  radiation  in  the 
form 

5A(x,f)  =  ^  (4) 

/,»  .0 

for  the  TE  modes  and 

6A(x,t)=  2  eto'(x,y)cosa  +  -— -sin 

i.k  » i  k  a 

Xsin  — —  sinae,  (5) 

for  the  TM  modes,  where,  for  frequency  a>  and  wave 
number  k(z). 


a  s  f‘dz'k(z')-<ut  . 


In  addition,  indicates  that  /  and  n  are  not  both  zero, 
and 


ei.K<x>y)=  T~~Tcos  -  sin 

k^b  a 


ei*  '•*./)  =  - - COS 

kka 


.  nir 

+  US,“ 


nvY  ^ 
—  *' 


nvY  ^ 
~  ** 


nvY  L 


are  the  polarization  vectors.  In  this  representauon,  the 
waveguide  is  assumed  to  be  centered  at  the  origin  and 
bounded  by  —a/2<x  $a/2  and  —b/2<y  <b/2  Asa 
consequence,  X  =x  +a/2.  Y=y  +b/ 2,  and 

ll  ,  2  1/2 

k"Sir  ^  +  P‘|  »> 

denotes  the  cutoff  wave  vector.  It  is  implicitly  assumed 
that  both  and  kiz)  vary  slowly  over  a  wave 

period. 

The  multimode  treatment  includes  an  arbitrary  num¬ 
ber  of  propagating  modes  of  TE  and/or  TM  polarization. 
The  detailed  equations  which  describe  the  evolution  of 
the  amplitudes  and  wave  numbers  of  these  modes  are 
identical  to  those  derived  in  the  single-mode  analysis,12 
and  we  merely  restate  the  results  here.  The  equations 
which  govern  the  evolution  of  »he  TEto  mode  are 

-^-5 a,  +  "1  -k*-kl  8a  -Z—F  I  COSa  r">  >\ 
dz2  h  +  ^  bc,.-8cJF,.(  (0t(  e„  -vj 


where  ba^sebA^/me1,  =  4int*eJ/m  (where  nk  is 
the  bulk  density  of  the  beam),  v  is  the  instantaneous  elec¬ 
tron  velocity,  and  }  when  either  /  =0  or  a  =0,  and 
unity  otherwise.  For  the  TM,,  mode  we  obtain  a  similar 
result. 


sM'4 1  b-4<  p?  I*  [*?  H 

k  ■>  'n  .  ,  i/j  . 

*  *  *k  “‘I  c*  \  T  ~  ~  ' 
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where  we' note  that  there  is  no  nontrivial  TM-mode  solution  when  (  =0  and  n  *0. 

Equations  ( 1 0) - ( 1 3)  are  equivalent  to  a  calculation  of  J-5E,,  for  each  mode.  The  averaging  operator  «•••)>  is 
defined  over  the  initial  conditions  of  the  beam,  and  includes  the  effect  of  an  initial  momentum  spread  by  means  of  the 
distribution  function 

F0(p0l=  e*P(  -(Prt-Po>3/<W)S(/>o  -plo-P*>)H<P,o)  .  (14) 


where  pQ  and  bp.  describe  the  initial  bulk  momentum  and  momentum  spread,  H(x)  is  the  Heaviside  function,  and  the 
normalization  constant  is 


A  =  it  dpa  exp{  —  ( pa  p0  )2  /bp?  1 

0 


1-1 


(15) 


Observe  that  this  distribution  is  monoenergetic,  but  contains  a  pitch-angle  spread  which  describes  an  axial  energy 
spread  given  approximately  by 

1-1/7 


To 


,  bp, 

i+2<yj— n-2- 
P  0 


(16) 


where  y0  =  (  l  +po/m2c2)1/2.  As  a  result,  the  averaging  operator  takes  the  form 


<(  •)> 


~Xva b  /.  dPiC0iOe*Pl-lPio-Po)2/bp}]f  ^+<pxWQ)J*^dxfi '  "  )  . 


(17) 


where  (  =  -<yf0)  is  the  initial  ponderomotive  phase, 
^0  =  tan",<pro''Pjo)-  Pio  =  uri/c>  *nd  o,(0o)  and 

’  descnbe  the  initial-beam  distributions  in  phase 
and  in  the  cross  section. 

The  phase  variation  of  each  mode  can  be  analyzed  by 
the  addition  of  an  equation  to  integrate  the  relative 
phase: 

4>(z)  2  * dz’l k  (z’ )  —  k0 J  •  (18) 

*'  o 

where  k0  =  l<o2/c2-k2„  )l/2,  is  the  wave  number  of  the 
vacuum  guide.  Since  the  departure  of  1c  (z)  from  the  vac¬ 
uum  wave  number  describes  the  effect  of  the  wave- 
particle  interaction,  <t>(z)  represents  a  measure  of  the 
dielectric  effect  of  the  FEL  interaction.  Thus  we  in¬ 
tegrate  the  additional  equation 


r 


and 


(23) 

(24) 


~^=k+km~  —  ,  (25) 

dz  “  v, 

which  describe  the  evolution  of  ponderomotive  phase 


i>-d>o+  f’dz’ 


,  ,  (!) 
k+k - 


(26) 


m.  NUMERICAL  ANALYSIS 


4-<t >  =  k-*0,  (19) 

dz 

for  each  TE  and  TM  mode. 

Each  mode  will  interact  resonant’y  with  the  electrons 
and  be  coupled  through  the  electron  motion  in  the  com¬ 
bined  wiggler  and  bulk  radiation  fields.  Thus  in  order  to 
complete  the  formulation,  the  electron  orbit  equations 
must  also  be  specified.  Since  we  describe  an  amplifier 
model,  we  choose  to  integrate  in  z,  and  write  the  Lorentz 
force  equations  in  the  form 

o,  ~7-p=  — e6E—  -vx(8„  +6B)  ,  (20) 

dz  c 

where  B*.  is  given  by  Eq.  (1)  and  the  radiation  fields  are 
given  b, 

1  (2D 

C  01  til  model 

and 

SB  =  VX  2  **i.  ■  (22> 

•U  moon 

Finally  the  electron  coordinates  obey  the  equations 


The  dynamical  equations  for  the  particles  and  fields  de¬ 
scribed  in  Sec.  II  are  now  solved  for  an  overmoded 
amplifier  configuration  in  which  several  modes  may  be  in 
resonance  with  the  beam  at  a  fixed  frequency  u.  The  nu¬ 
merical  problem  involves  the  solution  of  a  set  of 
6Nr+4A„  ordinary  differential  equations  (where  ST  is 
’he  number  of  particles  and  is  the  number  of  modes) 
as  an  initial-value  problem.  Observe  that  equations  for 
the  amplitude,  growth  rate,  wave  number,  and  phase  are 
integrated  for  each  mode.  The  integration  is  accom¬ 
plished  by  means  of  a  fourth-order  Runge-Kutta-Gill 
technique,  and  the  particle  average  described  in  Eq.  (17) 
is  performed  by  and  Nth-order  Gaussian  quadrature  in 
each  of  the  initial  variables.  The  initial  conditions  on  the 
fields  are  chosen  to  model  the  injection  of  an  arbitrary 
power  level  of  each  mode,  and  the  initial  wave  numbers 
correspond  to  the  vacuum  state  [i.e.,  k(z  =0)=k0).  Fur¬ 
ther,  the  initial  value  of  the  relative  phase  of  each  mode  is 
zero,  and  both  the  wiggler  field  and  growth  rate  are  ini¬ 
tially  zero.  The  initial  state  of  the  electron  beam  is 
chosen  to  model  the  injection  of  a  continuous,  axisytn- 
metric  electron  beam  with  a  uniform  cross  section  so  that 
o,=  l  for  -tt<d>o<tr  and  <7X  =  1  for  r0<Rb.  A  more 
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detailed  description  of  the  procedure  is  to  be  found  in 
Refs.  22  and  26. 

The  particular  example  we  consider  is  that  of  a  35- 
GHz  amplifier  employing  an  electron  beam  with  an  ener¬ 
gy  of  3.5  MeV,  a  current  of  850  A,  and  an  initial  radius  of 
1.0  cm  propagating  through  a  waveguide  characterized 
by  a  =9.8  cm  and  b  =2.9  cm.  Wave-particle  resonance 
is  obtained  in  the  vicinity  of  35-GHz  for  a  wiggler  field  of 
3.72-kG  amplitude  and  a  9.8-cm  period,  and  beam  injec¬ 
tion  is  accomplished  over  an  entry  with  a  length  of  five 
wiggler  periods.  For  this  choice  of  parameters  three 
wave  modes  are  resonant;  specifically,  the  TEq,.  TE2i, 
and  TM21  modes.  The  multimode  results  described 
herein  will  be  compared  with  a  previous  single-mode 
treatment.  In  addition,  the  parameters  correspond  with 
an  experiment  conducted  by  Orzechowski  and  co¬ 
workers,9' u  and  a  comparison  of  the  simulation  with  the 
experiment  will  be  given  in  Sec.  IV. 

The  detailed  evolution  of  the  total  wave  power  as  a 
function  of  axial  position  is  shown  in  Fig.  1  for  an  axial 
energy  spread  of  1.5%  on  the  beam  and  the  in¬ 

jection  of  a  signal  at  m/ckv  =  11.3  (34.6  GHz)  composed 
of  the  TEfli  mode  at  50  kW,  the  TE2|  mode  at  500  W,  and 
the  TM,|  mode  at  100  W.  As  shown  in  the  figure,  satura¬ 
tion  of  the  total  signal  occurs  at  ku:  —  96  (1.5  mi  at  a 
power  level  of  201  MW  for  a  total  efficiency  of 
r;  =  6. 87%.  It  is  also  evident  that  although  the  TEr,, 
mode  was  the  overwhelming  dominant  mode  upon  injec¬ 
tion,  it  comprises  only  about  60%  of  the  signal  at  satura¬ 
tion.  The  remaining  power  is  composed  primarily  of  the 
TE2)  mode  (at  37%  of  the  signal)  with  only  a  relatively 
small  contribution  of  the  TM0I  mode.  As  discussed  in 


Ref.  32,  the  reason  for  this  is  that  at  this  frequency  the 
growth  rate  of  the  TE^,  mode  exceeds  that  of  the  TE,,, 
mode,  and  compensates  for  the  lower  initial  power  level. 
Due  to  the  polarization  of  the  TM2,  mode,  the  growth 
rate  and  efficiency  are  smaller  than  for  the  TE  modes, 
and  the  TM21  mode  never  accounts  for  more  than  about  7 
MW.  The  rapid  oscillation  shown  in  the  figure  has  a 
period  of  approximately  km/2  and  occurs  because  the 
evolution  of  J  E  for  a  planar  wiggler  exhibits  both  a  slow 
variation  corresponding  to  the  ponderomotive  phase  and 
a  rapid  oscillation  at  A.,/2.”  Observe  that  the  single¬ 
mode  analysis  showed  a  saturated  power  of  162  MW  for 
the  TEq,  mode,  126  MW  for  the  TE2,  mode,  and  25  MW 
for  the  TM21  mode.  Thus  while  the  total  power  of  the 
signal  in  the  multimode  analysis  somewhat  exceeds  that 
shown  in  the  single-mode  cases  (for  the  TE  modes),  the 
power  levels  of  the  individual  modes  are  lower. 

The  phase  variation  of  each  of  these  modes  is  shown  in 
Fig.  2  as  a  function  of  axial  position,  where  the  arrow 
denotes  the  point  at  which  the  total  power  saturates.  Of 
these  modes,  the  TEq,  mode  qualitatively  behaves  in  the 
same  way  as  in  the  single-mode  case.  Specifically,  the 
bulk  phase  at  this  frequency  (apart  from  the  rapid  oscilla¬ 
tion  at  A.^,/2)  increases  monotonically  with  axial  position 
through,  and  beyond,  the  saturation  point.  In  contrast, 
the  relative  phases  of  both  the  TE21  and  TM2,  modes  are 
decidedly  not  monotonic  and  exhibit  a  decrease  with  axi¬ 
al  position  starting  at  a  point  somewhat  beyond  satura¬ 
tion.  This  is  a  multimode  effect  since  the  relative  phases 
of  the  TE2|  and  TM2I  modes  also  exhibit  a  monotonic  in¬ 
crease  with  axial  position  at  this  frequency  in  the  single- 
mode  analysis.  Finally,  we  observe  that  the  curves  of  rel- 


(a  =  9.8  cm;  b  =  2.9  cm;  w/ckw  =  11.3) 


FIG  I  Evolution  of  the  wave  power  (both  total  and  TEo,  model)  with  axial  position. 
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•tive  phase  for  the  TE^  and  TM21  modes  are  almost 
identical.  The  reason  for  this  is  that  the  dispersion 
curves  for  the  TE/Jt  and  TM/lf  modes  are  degenerate  in  a 
rectangular  waveguide. 

The  effect  of  an  initial  momentum  spread  on  the  satu¬ 
ration  efficiency  of  the  total  signal  and  the  TEq,  and  TE2I 
mode  components  is  shown  in  Fig.  3.  The  TM21  mode  is 
excluded  from  the  figure  because  it  composes  such  a 
small  fraction  of  the  signal.  As  shown  in  the  figure,  the 
saturation  efficiency  is  relatively  insensitive  to  the  axial 
energy  spread  over  the  range  Ay,/y0:S2.5%,  and  de¬ 
creases  from  t/^8.6%  at  Ay,  ~0  to  tj~5.9%  at 
Ay,/y o=2.5%.  The  reason  for  this  is  that  the  coupling 
coefficient  (and,  hence,  the  growth  rate)  depends  upon  the 
product  of  the  wiggler  amplitude  and  period.  Since  this 
product  is  large  for  the  present  choice  of  parameters,  the 
growth  rate  is  large  and  the  interaction  can  accept  a  rela¬ 
tively  large  axial  energy  spread  without  suffering  a  severe 
degradation. 

The  saturation  efficiency  is  known  to  scale  as  the  cube 
root  of  the  beam  current  at  the  frequency  of  peak  growth 
from  the  idealized  one-dimensional  theory  of  the  high- 
gain  Compton  (i.e.,  the  strong-pump)  regime,  and  this 
type  of  scaling  law  was  also  found  from  the  three- 
dimensional  single-mode  simulation  of  this  configuration. 
The  scaling  of  the  total  power  as  a  function  of  beam 
current  for  the  multimode  analysis  is  shown  in  Fig.  4  for 
Ay,  =0  and  Ay,/y0=  1%,  and  the  efficiency  is  found  to 
scale  approximately  as 

Turning  to  the  question  of  the  enhancement  of  the 
efficiency  by  means  of  a  tapered  wiggler,  we  plot  the  evo¬ 
lution  of  the  power  with  axial  position  in  Fig.  5  for  pa- 
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FIG  3.  Variations  of  the  saturation  efficiencies  of  the  total 
signal  and  the  TE  modes  vs  axial  energy  spread. 
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FIG.  4.  Graph  showing  the  scaling  of  the  efficiency  of  the  to¬ 
tal  signal  with  beam  current  for  Ay,/y0=Oand  1%. 


rameters  corresponding  to  those  shown  in  Fig.  1.  The 
optimal  start-taper  point  for  this  case  is  *,^0  =  86,  and 
we  choose  a  slope  of  =  -0.007,  which  was  also  studied 
for  the  single-mode  analysis.  The  central  conclusion  to 
be  drawn  from  the  figure  is  that  it  is  possible  to  selective¬ 
ly  enhance  the  TEg,  mode.  The  uniform  wiggler  interac- 
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FIG.  5.  Plot  showing  the  evolution  of  the  total  signal  and 
TE  modes  for  a  tapered  wiggler  interaction  characterized 
f.  =  -0.007  and  t.z0  =  86 
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FIG.  6.  Graph  of  the  evolution  of  the  relative  phase  of  the  TE0I  mode  during  the  course  of  the  tapered  wiggler  interaction. 
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tion  for  this  example  yields  a  total  efficiency  of  6.8%,  of 
which  the  TEq,  mode  comprises  only  60%  of  the  signal. 
By  contrast,  careful  choice  of  both  the  start-taper  point 
and  the  slope  of  the  taper  shows  (hat  the  efficiency  can  be 
enhanced  to  4 1 . 29%  (if  the  wiggler  field  is  tapered 

to  zero)  with  99%  of  the  power  in  the  TEq,  mode.  Both 
the  TEji  and  TM2,  (not  shown  in  the  figure!  modes  ulti¬ 
mately  decay  to  extremely  low  intensities.  One  surprising 
result  of  the  present  multimode  analysis  is  that  the  max¬ 
imum  efficiency  to  be  obtained  by  tapered  wiggler  fields  is 
enhanced  relative  to  the  single-mode  analysis.  By  com¬ 
parison,  the  single-mode  analysis  for  these  parameters 
yields  a  maximum  efficiency  of  n...  a  34%.  which  is  sub¬ 
stantially  lower  than  the  41.29%  found  in  the  multimode 
simulation.  The  phase  variation  of  the  TEq,  mode  for 
this  example  is  shown  in  Fig.  6,  and  exhibits  the  same 
qualitative  variation  as  in  the  single-mode  analysis. 
Another  characteristic  of  the  tapered  wiggler  interaction 
observed  in  the  single-mode  treatment  is  that  the  overall 
efficiency  appears  to  be  relatively  insensitive  to  the  axial 
energy  spread.  As  shown  in  Fig.  7,  in  which  we  plot  the 
maximum  obtainable  efficiency  versus  Ay,/yo,  this  is 
also  found  to  be  the  case  in  the  multimode  analysis.  As 
shown  in  the  figure,  the  maximum  efficiency  decreases 
from  43.6%  at  y ,  =0  to  as  much  as  39.4%  at 
This  '*  *  much  lower  proportional  sensi¬ 
tivity  to  the  axial  energy  spread  than  is  illustrated  in  Fig. 

3  for  the  uniform  wiggler  case. 

Finally,  we  address  the  question  of  the  sensitivity  of 
the  tapered  wiggler  interaction  to  fluctuations  in  the  bulk 
energy  of  the  beam.  The  reason  for  concern  with  this  is- 
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FIG.  7.  Illustration  of  the  effect  of  an  axial  energy  spread  on 
the  tapered  wiggler  interaction.  Observe  that  each  point  corre¬ 
sponds  to  the  optimal  start-taper  point  of  the  associated  Ay, 


Pow«r  |OW) 


(a  »  9.9  cm;  b  *  2.9  cm;  u/ckw  »  11.3) 


Vb  IMeV) 

FIG.  8.  Variation  in  the  efficiency  of  the  tapered  wiggler  in¬ 
teraction  with  fluctuations  in  the  bulk  energy  of  the  beam. 


sue  is  that  the  tapered  wiggler  interaction  is  known  to  be 
sensitive  to  the  start-taper  point.  In  particular,  the  taper 
should  begin  at  a  point  shortly  prior  to  saturation  (for  the 
untapered  wiggler),  corresponding  to  the  trapping  of  the 
bulk  of  the  beam  in  the  ponderomotive  potential. 
Changes  or  fluctuations  in  the  beam  energy  at  a  fixed  fre¬ 
quency  are  equivalent  to  the  variation  of  the  frequency  at 
fixed  energy,  and  result  in  shifts  in  the  growth  rate  and 
saturation  point.  For  this  reason  it  might  be  expected 
that  the  tapered  wiggler  interaction  is  sensitive  to  fluctua¬ 
tions  in  the  bulk  energy  of  the  beam.  In  order  to  address 
this  question,  the  variation  in  the  efficiency  has  been  stud¬ 
ied  as  a  function  of  beam  energy,  and  the  results  are 
shown  in  Fig.  8.  For  convenience,  this  figure  has  been 
generated  for  the  limiting  case  of  zero  axial  energy  spread 
for  which  the  optimal  start-taper  point  is  *„20  =  83  at  a 
beam  energy  of  3.5  MeV.  Hence,  choosing  =  -0.007 
and  the  aformentioned  start-taper  point,  Fig.  8  describes 
the  variation  in  the  efficiency  with  beam  energy  when  (1) 
the  wiggler  is  tapered  to  zero  ( bB„  / Bu .  =  1 1  and  (2)  when 
the  wiggler  is  tapered  to  half  its  ambient  level 
i  /D„  =0.5).  As  shown  in  the  figure,  there  is  a  sharp 
decline  in  the  efficiency  above,  approximately,  3.55  MeV. 
In  contrast,  there  is  a  more  gradual  decrease  in  the 
efficiency  for  energies  down  to  3.3  MeV,  below  which  the 
resonant  interaction  at  u>/cka  =  11.3  is  lost.  As  a  result, 
the  tapered  wiggler  interaction  will  tolerate  a  bulk  energy 


fluctuation  of  the  order  of  8.6%  without  severe  degrada¬ 
tion  in  performance  for  these  parameters. 

IV.  SUMMARY  AND  DISCUSSION 

In  this  paper  a  multimode  analysis  and  simulation  of 
FEL  amplifiers  in  three  dimensions  has  been  given  for  a 
configuration  in  which  a  relativistic  electron  h— «n  propa¬ 
gates  through  an  overmoded  rectangular  waveguide  in 
the  presence  of  a  planar  wiggler  generated  by  means  of  an 
array  of  magnets  with  tapered  pole  pieces.  The  mul¬ 
timode  analysis  is  accomplished  by  expansion  of  the  radi¬ 
ation  field  in  terms  of  the  vacuum  waveguide  modes,  and 
an  arbitrary  number  of  propagating  TE  and/or  TM 
modes  is  included  in  the  analysis.  Although  multiple 
modes  are  included  in  the  analysis,  the  problem  of  in¬ 
terest  is  that  of  an  amplifier  and  single-frequency  propa¬ 
gation.  As  a  result,  the  field  equations  are  averaged  over 
a  wave  period  in  order  to  eliminate  the  fast-time-scale 
phenomena.  However,  no  average  of  the  orbit  equations 
was  performed,  and  the  electron  dynamics  were  treated 
by  means  of  the  fully  three-dimensional  Lorentz  force 
equations.  As  a  result,  the  effects  of  the  adiabatic  injec¬ 
tion  process,  bulk  wiggler  motion.  Betatron  oscillations, 
velocity  shear,  beam  focusing  due  to  the  wiggler  gra¬ 
dients,  and  phase  trapping  of  the  beam  in  the  pondero¬ 
motive  potential  formed  by  the  beating  of  the  wiggler  and 
radiation  fields  are  all  included  in  a  self-consistent 
manner. 

The  numerical  example  describes  a  35-GHz  amplifier 
which  employs  a  3.5-MeV-850-A  electron  beam  with  a 
1.0-cm  initial  radius  propagating  through  a  rectangular 
waveguide  with  dimensions  a  =9.8  cm  and  b  =2.9  cm  in 
the  presence  of  a  wiggler  field  with  a  3.72-kG  amplitude 
and  9.8  cm  period.  Three  distinct  wave  modes  are  found 
to  be  resonant;  specifically,  the  TEoi,  TE],,  and  TM2, 
modes.  The  simulation  is  carried  out  under  the  assump¬ 
tion  that  the  injected  signal  consists  primarily  of  the  TE^, 
mode  at  a  50  kW  power  level,  the  TE],  mode  at  500  W, 
and  the  TM21  mode  at  100  W.  Results  indicate  that  al¬ 
though  the  TE],  mode  was  at  a  relatively  low  initial 
power  level,  it  comprises  upwards  of  37%  of  the  saturat¬ 
ed  signal.  The  coupling  between  the  beam  and  the  TM2, 
mode  was  weaker  than  for  the  TE  modes,  and  never  ac¬ 
counted  for  more  than  a  few  percent  of  the  total  signal. 
Comparison  with  a  previous  single-mode  analysis32  indi¬ 
cates  that  the  efficiency  of  the  total  signal  is  somewhat 
higher  than  that  found  for  single  modes  in  the  case  of  a 
uniform  wiggler.  A  more  dramatic  difference  between 
the  multimode  and  single-mode  treatments  is  found  for  a 
tapered  wiggler  interaction.  In  this  case,  it  is  found  that 
the  selective  enhancement  of  the  TE<>,  mode  is  possible 
and,  indeed,  has  been  experimentally  observed.13  Howev¬ 
er,  the  power  levels  to  be  obtained  in  the  TEq,  mode 
through  the  multimode  tapered  wiggler  interaction  were 
found  to  be  substantially  higher  than  found  in  the  single¬ 
mode  simulation.  This  constitutes  an  important  question 
for  future  study. 

The  configuration  and  parameters  described  in  this  pa¬ 
per  nominally  correspond  to  the  experiment  performed 
by  Orzechowski  and  co-workers.  13  The  principal 
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differences  between  the  analytical  configuration  and  the 
experiment  are  that  in  the  experiment  (1)  the  beam  was 
injected  into  the  wiggier  through  an  entry  taper  region 
one-wiggler-period  long  and  (2)  a  quadrupole  field  was 
used  to  provide  additional  electron  focusing  instead  of 
parabolically  tapered  pole  pieces.  Since  the  fringing  fields 
associated  with  the  wiggier  field  in  the  entry  taper  region 
are  not  included  in  the  analytical  model,  it  would  be  in¬ 
valid  to  apply  the  analysis  for  \w  =  l.  However,  the 
choice  of  Nw  =  5  is  made  as  a  compromise  and  gives  good 
agreement  with  experiment,  subject  to  the  additional  as¬ 
sumption  of  an  axial  energy  spread  of  Ay2/y0=l.S%. 
This  is  within  an  upper  bound  of  2%  on  the  axial  energy 
spread  established  by  means  of  an  electron  spectrometer 
measurement.*7  The  experimental  measurement  for  a 
uniform  wiggier  interaction  resulted  in  a  saturated  power 
level  of  180  MW  over  a  length  of  1.3  m.  As  shown  by 
Fig.  1.  the  simulation  gives  a  peak  power  of  204  MW, 
which,  if  we  average  over  the  fast  A.k./2  oscillation,  is  re¬ 
duced  to  185  MW.  Given  the  experimental  uncertainties 
in  high-power  measurements,  the  latter  figure  is  more 
relevant  for  comparison  and  is  in  substantial  agreement 
with  the  experiment.  The  saturation  length  found  from 
simulation  (that  is,  the  length  of  the  uniform  wiggier  re¬ 
gion  plus  one  wiggier  period  to  account  for  the  entry 
taper  region)  is  1. 1  m,  which  is  also  in  good  agreement 
with  the  experiment.  Note  that  rapid  oscillation  in  the 
power  and  relative  phase  at  a  period  of  A.^  /2  is  likely  to 
introduce  a  10-20%  uncertainty  in  the  measurement  of 


•  •  *  •  em.  *■21  cm.  u/ck„  •  tl  3  (X  •  QMtl 


FIG.  9.  Plot  of  the  evolution  of  the  total  signal  and  the  TE 
modes  for  a  tapered  wiggier  characterized  by  t.  =  -0.0078  and 
*„z0  =  86. 
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FIG  10  Graph  of  the  evolution  of  the  relative  phase  for  a  upered  wiggier  interaction  characterized  by  -0.0078  and 
wt0  *  *6 
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these  quantities.  A  comparison  can  also  be  made  with 
the  tapered  wiggler  experiment13  in  which  the  wiggler 
field  was  decreased  by  55%  (&Bm/Bw  =0.55)  over  a 
length  of  1.1  m  (i.e.,  ew  =  —0.0078)  and  the  efficiency  was 
found  to  increase  to  34%  for  a  total  power  of  1  GW.  The 
evolution. of  the  total  signal  power,  and  that  of  the  TE 
modes,  is  shown  in  Fig.  9  for  parameters  consistent  with 
the  tapered  wiggler  experiment  (the  optimal  start-taper 
point  found  in  simulation  was  ^u20  =  86).  As  shown  in 
the  figure,  the  maximum  efficiency  obtained  by  tapering 
the  wiggler  field  to  zero  is  approximately  40.6%,  of 
which  more  than  95%  of  the  power  is  contained  in  the 
TEoi  mode.  However,  over  a  length  of  only  1.1m  beyond 
the  start-taper  point  (i.e.,  kvz-kiezo  =  10.5)  the 
efficiency  is  34%,  of  which  approximately  90%  of  the 
power  is  in  the  TE^,  mode.  The  evolution  of  the  relative 
phase  for  this  case  is  shown  in  Fig.  10,  in  which  the  rela¬ 


tive  phase  saturates  at  a  value  in  the  neighborhood  of 
120*  downstream  from  the  start-taper  point.  This  is  in 
good  agreement  with  reported  measurements  of  the  evo¬ 
lution  of  the  relative  phase  in  the  tapered  wiggler  experi¬ 
ment.3*  Thus  within  the  uncertainties  imposed  by  the 
choices  of  Nm  and  Ay,,  the  nonlinear  analysis  is  found  to 
be  in  good  agreement  with  the  experimental  measure¬ 
ments  for  both  uniform  and  tapered  wiggler  interactions. 
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ABSTRACT 

A  3-dimensional  nonlinear  formulation  of  a  slow-wave  Ubitron/Free-Electron  Laser 
is  presented.  The  configuration  is  that  of  an  electron  beam  propagating  through  a  dielectric- 
lined  rectangular  waveguide  in  the  presence  of  a  planar  wiggler  field.  The  wiggler  field 
model  describes  parabolic  pole  faces  for  enhanced  beam  focussing.  The  electromagnetic 
field  is  described  in  terms  of  a  multi-mode  ensemble  of  the  normal  modes  of  the  vacuum 
waveguide.  In  this  case,  the  dielectric  liner  is  imposed  along  the  y-axis  of  the  guide  [which 
is  also  the  principle  orientation  of  the  wiggler],  and  there  are  no  orthogonal  TE  or  TM 
modes.  Instead,  we  deal  with  modes  which  are  transverse  electric  (LSE)  or  magnetic 
(LSM)  to  the  y-axis.  Equations  are  derived  which  describe  the  evolution  of  the  amplitude 
and  phase  of  these  modes  in  terms  of  the  microscopic  panicle  currents.  These  equations  are 
solved  in  conjunction  with  the  complete  Lorentz  force  equations  for  the  electron 
trajectories.  The  essential  purpose  of  employing  a  slow-wave  structure  is  to  reach  shoner 
wavelengths  at  relatively  low  beam  energies,  and  numerical  results  will  be  presented  to 
demonstrate  the  potentialities  of  this  concept. 
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Ubitrons  and  Free-Electron  Lasers  have  been  constructed  with  a  wide  range  of 
waveguide  and  optical  geometries.1-8  In  the  bulk  of  these  cases,  the  electron  beam  interacts 
with  a  supraluminous  wave  in  which  the  resonant  wavelength  scales  inversely  as  the  square 
of  the  beam  energy.  In  many  cases,  however,  this  imposes  too  high  a  requirement  on  the 
electron  beam  energy,  and  methods  for  reducing  the  beam  energy  requirement  have  been 
eagerly  sought.  One  technique  is  to  pursue  the  interaction  at  harmonics  of  the  resonant 
frequency.  Unfortunately,  the  harmonic  interaction  poses  difficulties  in  that  (1)  some 
method  of  suppressing  the  fundamental  interaction  must  be  found,  (2)  there  is  some  penalty 
to  be  paid  in  terms  of  reductions  in  both  the  gain  and  efficiency  at  the  harmonics,  and  (3) 
the  requirements  of  high  beam  quality  become  progressively  more  severe  as  the  harmonic 
number  increases.  In  this  paper,  therefore,  an  alternate  method  of  reducing  the  beam  energy 
requirement  is  studied;  specifically,  the  use  of  3  dielectric  liner  to  slow  the  phase  velocity  of 
the  wave.  The  interaction  that  results  can  be  either  with  a  supraluminous  or  a  subluminous 
wave,  but  in  either  case  the  beam  energy  required  for  interaction  at  a  given  frequency  is 
reduced. 

The  configuration  employed  is  that  of  a  single-frequency  amplifier  in  which  a 
relativistic  electron  beam  propagates  through  a  dielec  trie- lined  rectangular  waveguide  in  the 
presence  of  a  planar  wiggler  field.  The  waveguide  is  characterized  as  shown  in  Fig.  1  in 
which  the  dimensions  of  the  outer  walls  are  at  x  =  0,  a  and  y  -  ±  bl 2.  The  dielectric  is 
aligned  parallel  to  the  long  (i.e.,  x)  axis  of  the  waveguide  with  a  thickness  A  and  an  inner 
surface  at  y  =  ±d ,  where  d  =  b/2  -  A.  The  wiggler  field  model  is  chosen  to  describe  the 
effect  of  parabolic  pole  faces  for  enhanced  focussing1-9,  i.e. 


Bw  =  fiw(z)  | cos (kwz) 


e,  sinhi 


kwX 

yT 


sinh(^f) + *>  cosh(^)cosh(^I 

sin{*wz)  coshj^-j  sinhj^-j]  , 
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where  kw  [=  Ik/X^,  where  Xw  denotes  the  wiggier  period]  is  the  wiggler  wavenumber,  and 
Bw{z)  describes  the  amplitude.  The  wiggler  amplitude  is  allowed  to  vary  slowly  in  z  as 
follows 

|  Bw  sin \kwzl4rNw)  ;  0  <  z  <  NwXw 

Bw{z)  =  v  Bw  ;  NWX w  <  z  <  z0  .  (2) 

\  Bw  [1  +  £wkw(z  -  z0)]  \z  >zo 

in  order  to  describe  (1)  the  injection  of  the  beam  through  an  adiabatic  entry  taper  over  Nw 
wiggler  periods,  and  (2)  the  efficiency  enhancement  by  means  a  tapered  wiggler  amplitude 
[in  which  £w  describes  the  slope  of  the  taper].  This  wiggler  model  is  both  curl  and 
divergence  free  for  a  uniform  wiggler  amplitude,  and  we  implicitly  assume  that  the 
gradients  imposed  by  the  amplitude  tapering  are  small  [i.e.,  Nw  »  1  and  £w  «  1], 
Observe  that  the  orientation  of  this  wiggler  model  implies  that  the  direction  of  the  transverse 
wiggler-induced  oscillations  are  aligned  parallel  to  the  dielectric  liner.  This  was  chosen, 
along  with  the  enhanced  focussing  provided  by  the  parabolic  pole  faces,  in  order  to 
minimize  loss  of  the  beam  to  the  dielectric. 

The  electromagnetic  field  is  represented  by  means  of  an  expansion  in  terms  of  the 
vacuum  modes  [i.e.,  in  the  absence  of  the  electron  beam]  of  the  waveguide.  The  standard 
TE  and  TM  modes  of  a  rectangular  waveguide  do  not  exist  in  the  presence  of  the  dielectric 
liner.  Instead,  there  are  normal  modes  which  are  either  transverse  electric  (LSE)  or 
Transverse  magnetic  (LSM)  with  respect  to  the  y-axis  in  the  present  configuration.10  We 
focus  on  the  LSE  modes  since  only  this  polarization  presents  an  electric  field  component 
which  is  aligned  with  the  bulk  wiggler-induced  transverse  velocity.  The  electric  and 
magnetic  fields  of  these  modes  can  be  represented  in  the  form 

8E (x,t)  =  SAinZiniy)  e*  cos (^j1) sin  a-^ez  sin  (^2.)  cos  a  ,  (3) 


and 
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where  we  assume  that  the  amplitude  5A[n  and  the  wavenumber  kin  are  slowly-varying 
functions  of  z,  and  the  phase  is  given  by 

a=  I  dz'kin(z')  -  cot  .  (5) 

Jo 


There  arc  even  and  odd  modes  which  are  differentiated  by  the  dispersion  equations  and  the 
transverse  mode  patterns  Z„(y).  For  the  even  modes,  the  dispersion  equation  is 

Kin  tan  Kind  —  K' in  cot  K ' tnA  ,  (6) 


where 
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in  the  vacuum.  The  transverse  variation  for  these  modes  is  given  by 
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For  the  odd  modes,  we  have  the  dispersion  equation 

Kin  COt  Kind  =  -  K  COt  K  ' inA  , 

and  the  transverse  mode  structure 
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The  dynamical  equations  which  govern  the  evolution  of  the  slowly-varying 
amplitude  and  wave-*  ’mber  are  obtained  by  substitution  of  the  representation  of  the  electric 


field  (3)  into  Maxwe  i's  equations 


v2  -  -TT7]  5E<x’r)  -  v(v'SE(x,r))  =  !-  5J(x,r)  , 

c 2  3t 2  /  c2  dt 


where  the  source  source  current  is  given  by 


■/// 
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where  v^o  is  the  initial  axial  velocity,  po  is  the  initial  momentum,  Ag  is  the  cross-sectional 
area  of  the  waveguide,  T  -  L/vzq  [where  L  is  the  length  of  the  system],  and  <7\\,  Oj_,  and  Fb 
describe  the  distribution  of  the  initial  conditions  of  the  beam. 

Substitution  of  the  field  representation  into  Maxwell's  equation  yields 

=  8  Ti~ {Zln^  ^7 cos cos  a  +  sin  (^?) sin  a  ^  ,  ( 14) 
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after  averaging  over  a  wave  period  and  neglecting  second  order  derivatives  of  the  amplitude 
and  phase,  where  8ain  =  eSAiJmec 2,  cob2  =  4ne2nblme,  nb  denotes  the  ambient  beam 
density,  Gi  =  1/2  when  /  =  0  and  unity  otherwise, 
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for  the  even  modes,  and 
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for  the  odd  modes.  The  averaging  operator  in  Eqs.  (14)  and  (15)  is  defined  over  the  initial 
conditions  of  the  beam,  and  includes  the  effect  of  an  initial  momentum  spread  by  means  of 
the  distribution  function 

Fb(Po)  =  A  exp  [-  (pzo  -  Po)2/Ap}]  5 (pi  -  p[Q  -  p20)  H (pz0)  ,  (18) 

where  po  and  Ap:  describe  the  initial  bulk  momentum  and  momentum  spread,  H(x)  is  the 
Heaviside  function,  and  the  normalization  constant  is 


Jr  rp0 

dpzo  exp  [-  ipzQ  -  po)2/Ap}\ 
o 


Observe  that  this  distribution  describes  a  beam  which  is  monoenergetic  but  with  a  pitch- 
angle  spread  which  is  equivalent  to  an  axial  energy  spread  of 

~-=l - - 1  (20) 
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where  )fis(l  +  po2/me2c2)]r-.  As  a  result,  the  averaging  operator  takes  the  form 
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In  order  to  complete  the  formulation,  we  must  specify  the  orbit  equati  :ns  for  the 
electron  ensemble.  Since  we  deal  with  an  amplifier  model,  we  integrate  the  complete  three- 
dimensional  Lorentz  force  equations  in  z.  No  average  of  these  equations  over  a  wiggler 
period  is  performed. 

The  numerical  example  we  consider  deals  with  a  waveguide  with  dimensions  a  = 
9.8  cm,  b  =  2.9  cm,  and  A  =  0.5  cm,  and  the  dielectric  constant  is  e  =  4.2  which 
corresponds  to  boron  nitride.  The  wiggler  field  has  a  period  =  9.8  cm  and  increases  to  a 
constant  value  Bw  =  1  kG  over  an  entry  taper  region  which  is  five  wiggler  periods  in 
length.  We  assume  an  ideal  (i.e.,  Ayz  =  0)  solid  pencil  electron  beam  with  an  energy  of 
1.35  MeV,  a  current  of  1.0  kA,  and  with  a  radius  of  0.25  cm.  This  example  corresponds  to 
a  resonance  at  a  frequency  of  5.1  GHz  in  the  LSEoi  mode  which  is  still  in  the 
supraluminous  range,  but  has  a  phase  velocity  well  below  that  of  the  TEoi  mode  in  the 
absence  of  the  dielectric.  As  shown  in  Fig.  2,  we  inject  a  50  kW  signal  in  the  LSEoi  mode, 
which  subsequently  grows  to  a  peak  power  level  of  approximately  324  MW  for  a  saturation 
efficiency  of  24. 15%.  The  oscillation  seen  in  the  power  occurs  with  a  period  of  A^/2,  and 
corresponds  to  the  effect  of  the  lower  beat  wave  upon  the  interaction  in  planar  wiggler 
configurations.11  No  attempt  has  yet  been  made  to  optimize  these  parameters. 

In  summary,  a  nonlinear  formulation  and  simulation  code  has  been  developed 
which  is  capable  of  treating  the  interaction  between  a  relativistic  electron  beam  and  a  planar 
wiggler  field  in  the  presence  of  a  dielectric-lined  rectangular  waveguide.  Note  that  a 
dielectric  liner  is  only  one  way  of  slowing  the  wave,  and  that  alternate  techniques  include  a 
variety  of  slow  wave  structures  including  gratings  and  rippled  wall  geometries.  An  example 
showing  high  gain  and  efficiency  is  given  for  the  case  of  the  resonant  interaction  of  the 
LSEOI  mode  in  the  supraluminous  regime.  Although  this  does  not  represent  a  slow  wave 
[which  usually  denotes  a  subluminous  wave],  there  is  still  a  substantial  advantage  to  be 
gained  in  achieving  high  frequency  operation  at  relatively  lower  voltages  than  would  be 


possible  in  the  absence  of  a  dielectric.  However,  future  studies  will  extend  this  analysis  to 
the  subluminous  regime.  Finally,  it  should  also  be  remarked  that  this  formulation  is 
capable  of  treating  the  Cerenkov  Maser  interaction  for  subluminous  waves  as  well  by  the 
simple  expedient  of  letting  the  wiggler  field  amplitude  vanish. 
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FIGURE  CAPTIONS 

Fig.  1  Schematic  illustration  of  the  configuration  of  the  dielectric-lined  waveguide. 

Fig.  2  Graph  of  the  evolution  of  the  power  in  the  LSEoi  mode  as  a  function  of  axial 
distance. 
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Amplification  at  harmonics  of  the  fundamental  frequency  of  the  free  electron  laser  (FEL)  is  studied  for  a  configuration  uuliztng  a 
planar  wiggler  with  parabolically  shaped  pole  pieces.  The  analysis  employs  a  fully  three -dimensional  FEL  simulation  code,  which 
treats  the  propagation  of  the  electron  beam  and  radiation  through  a  rectangular  waveguide.  Substantial  power  is  found  at  odd 
harmonics  of  the  fundamental  resonance  frequency.  In  addition,  the  three-dimensional  nature  of  the  wiggler  field  produced  by  the 
parabolic  pole  pieces  introduces  a  low  frequency  component  to  the  electron  motion  which  results  in  emission  in  the  vicinity  of  the 
even  harmonics  as  well.  The  physical  basis  for  this  is  invesugaled  by  analytic  and  numerical  solution  of  the  single-particle  trajectories. 
In  general,  the  results  indicate  that  the  effect  of  the  wiggle  plane  focussing  can  act  to  enhance  the  harmonic  content  of  the  output 
spectrum. 


1.  Introduction 

Planar  wiggler  magnets  are  being  employed  in  several  existing  and  planned  free  electron  laser  (FEL) 
experiments  [1-5].  They  have  an  advantage  over  helical  wigglers  in  that  they  are  easier  to  construct  and 
adjust.  A  property  of  linearly  polarized  wigglers  is  that  the  current  possesses  odd  harmonics  of  the 
fundamental  wiggle  frequency,  giving  rise  to  gain  at  the  odd  harmonics  of  the  FEL  interaction  frequency 
[w  =  (k  +  /A. )l\,  I  odd].  Another  characteristic  of  a  linear  wiggler.  however,  is  that  it  provides  no 
focussing  in  the  wiggle  plane.  One  method  to  furnish  a  focussing  force  in  the  wiggle  plane  is  by  uulizing 
parabolically  shaped  pole  faces  on  the  wiggler  magnet,  first  employed  experimentally  by  Phillips  [6]. 

A  fully  three-dimensional,  nonlinear  code  has  been  developed  to  study  an  FEL  using  this  type  of 
wiggler  magnet  configuration  and  a  rectangular  waveguide  [7],  Strong  growth  is  found  at  the  odd 
harmonics.  Additionally,  due  to  the  three-dimensional  nature  of  the  wiggler  field  produced  by  the 
parabolic  pole  faces,  growth  is  sometimes  found  at  a  doublet  around  the  even  harmonics.  This  growth  can 
be  substantial  for  electron  beams  of  larger  radius,  and  must  be  considered  when  an  FEL  is  designed  with 
this  type  of  configuration.  The  source,  in  the  beam  current,  for  this  growth  is  studied  by  analytic  and 
numeric  solution  of  the  single-particle  trajectories. 


2.  Nonlinear  analysis 


The  fully  three-dimensional  formulation  is  for  an  FEL  amplifier  which  consists  of  an  electron  beam 
propagating  down  a  loss-free  rectangular  waveguide  in  the  presence  of  a  linear  wiggler  magnetic  field.  A 
set  of  nonlinear  differential  equations  is  used  which  self-consistently  describes  the  evolution  of  both  the 
electrons  and  the  electromagnetic  fields.  The  magnetic  field  used  is  that  generated  by  a  linear  wiggler  with 
parabolically  shaped  pole  faces,  which  is  of  the  form  [8] 
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where  (Bw,  *«,)  denote  the  wiggler  amplitude  and  wave  number.  The  injection  of  the  electron  beam  into 
the  wiggler  is  modeled  by  using  an  adiabatic  input  taper  on  the  wiggler  amplitude  over  Nm  periods  which 
is  given  by 


1 2?w  sin1(kmz/AN„).  0  5  :  i  Af. Aw, 
\Bm. 


The  radiation  field  is  represented  by  an  expansion  in  terms  of  the  orthogonal  basis  functions  of  the  TE 
modes.  The  details  of  the  derivation  are  given  in  ref.  [7],  only  the  results  are  presented  here.  Substituting 
the  field  expansion  into  Maxwell's  equations,  we  obtain 
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after  orthogonalizmg  in  x  and  y  and  averaging  over  a  wave  period.  In  eq.  (3)  and  (4)  for  frequency  u. 
wave  number  k(z),  and  mode  numbers  m  and  n. 
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Samm  s  e8Am„/mc2.  SAm„  is  the  amplitude  of  the  vector  potential  of  the  TE„.  mode.  wb  is  the  plasma 
frequency.  fi.„  =  v.0/c  (where  v.Q  is  the  initial  axial  beam  velocity),  c  is  the  instantaneous  velocity,  and 
=  4  when  either  m  =«  0  or  n  =  0  and  8  otherwise.  The  waveguide  is  assumed  to  be  centered  at  the  origin 
and  is  bounded  by  -a/2  £  x  <  a/2  and  -  b/2  <  y  <,  b/2\  and  X  *  x  +  a/2  and  Y  a  y  +  b/2.  The 
averaging  operator  (( . . . ))  describes  the  source  current.  The  average  is  over  the  inital  conditions  and  is 
defined  as 


<•••>*  i£d4»,«(flo)Cd,«CdWi(l0' yo)i  ' )>  (8) 

where  a0(  *  -  w/0,  and  r0  is  the  time  the  electron  crosses  the  z  »  0  plane)  is  the  initial  phase,  and  o,|(a0) 
and  y0)  describe  the  electron  distributions  in  initial  phase  and  cross  section.  For  simplicity,  the 

beam  is  assumed  to  be  uniformly  distributed  in  phase  (ol(  -  1)  and  cross  section  for  an  initially  cylindrical 
beam  (o1  -  1  for  r0  <  Rb).  The  effect  of  an  initial  thermal  spread  is  also  included  in  the  analysis  but  will 
not  be  detailed  here.  The  electron  trajectories  are  followed  by  means  of  the  Lorentz  force  equations  in  the 
combined  wiggler  and  radiation  field.  No  average  of  the  Lorentz  force  equations  is  performed. 

In  an  earlier  work  (9),  we  considered  a  case  involving  a  3.3  MeV/100  A  electron  beam  with  an  initial 
radius  of  0.2  cm  in  a  rectangular  waveguide  of  dimensions  a  -  10  cm  and  b  =  3  cm.  The  wiggler  had  an 
amplitude  of  4.2  kG,  a  period  of  9.8  cm,  and  an  input  taper  of  10  periods.  The  radiation  was  a  TEot  mode 
with  an  input  signal  of  6  kW.  Ref.  [9]  presents  a  complete  study  of  this  example.  We  remark  here  that  the 
efficiency  spectrum  contains  a  peak  at  the  fundamental  and  well  defined  peaks  at  the  odd  harmonics.  No 
gain  was  found  at  any  other  frequencies. 

We  now  consider  the  case  of  a  3.5  MeV/800  A  electron  beam  with  an  initial  radius  of  1.0  cm 
propagating  through  a  waveguide  with  dimensions  a  =  9.8  cm  and  b  -  2.9  cm  in  the  presence  of  a  wiggler 
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TEoi  MODE:  (a=9.8  cm;  b=2.9  cm;  50  kW) 


Fig.  1.  Plot  of  the  efficiency  vs  frequency  it  the  fundamental  through  fifth  harmonics.  The  doublets  centered  at  u/ckm  ■  25  and  55 

corresponds  to  emission  near  the  second  and  fourth  harmonics. 


field  with  a  3.72  kG  amplitude,  a  9.8  cm  period,  and  an  entry  taper  region  of  «  5.  The  mode  of  interest 
is.  again,  the  TE0,  mode  but  with  an  input  power  level  of  50  kW.  The  spectrum  of  the  saturation  efficiency 
which  results  is  shown  in  fig.  1.  As  expected,  we  find  emission  near  the  fundamental  (u/ckw  «  11.3)  and 
odd  harmonics  (w/c/t.  *  40.3,  66.5).  However,  in  this  case  we  also  find  emission  in  the  vicinity  of  the  even 
harmonics,  in  the  form  of  a  doublet.  As  shown  in  fig.  1.  emission  is  found  in  the  vicinity  of  u >/ck^  *  22.0 
and  29.5  which  corresponds  to  the  second  harmonic,  and  at  u /ck„  *  52.3  and  56.8  corresponding  to  the 
fourth  harmonic.  The  efficiency  of  the  emission  at  the  second  harmonic  is  approximately  tj  »  0.21%,  which 
exceeds  that  found  at  the  third  harmonic  (rj  *  0.11%).  As  discussed  previously  (9).  the  efficiency  decreases 
sharply  between  the  fundamental  and  the  nearest  harmonic,  but  falls  off  slowly  with  harmonic  number 
thereafter.  The  source  of  emission  near  the  even  harmonics  is  the  wiggle  plane  focussing  of  the  parabolic 
pole  pieces.  The  spatial  variation  of  the  field  in  the  wiggle  plane  induces  a  slow  modified  betatron 
oscillation  in  the  x-component  of  the  velocity  which  is  the  source  of  oscillations  in  the  axial  velocity  with 
periods  ±  KB  (where  KB  denotes  the  modified  betatron  wave  number),  li  is  this  oscillation  in  the  axial 
velocity  which  drives  the  even  harmonic  emission.  It  is  important  to  remark  that  although  we  have 
considered  a  specific  wiggler  model,  such  behavior  can  be  expected  to  occur  in  any  planar  wiggler  field 
which  exhibits  an  inhomogeneity  in  the  wiggle  plane. 


3.  Modified  betatron  oscillations 

We  now  consider  the  effect  of  the  wiggle  plane  gradients  in  driving  the  modified  betatron  oscillations, 
and  analytically  solve  an  approximation  to  the  Lorentz  force  equations.  For  purposes  of  comparison,  we 


IV.  SIMULATION 


The  analytic  expression  also  predicts  oscillations  at  (2km±Kt)  and  (/fcw±2X'B).  although  at  lower 
amplitude  (when  t>B  <  uw).  The  y  gradients,  characteristic  of  the  magnet  itself,  introduce  an  additional 
betatron  oscillation,  which  does  not  couple  strongly  to  the  axial  velocity. 

The  single  particle  equations  of  motion  have  been  numerically  integrated  in  z  assuming  the  same  input 
taper  as  for  the  nonlinear  analysis.  The  resulting  velocities  are  then  Fourier-transformed  over  the  uniform 
wiggler  portion  of  their  motion  (i.e.,  z>N„\w).  Figs.  2-4  show  the  Fourier  spectra  of  the  velocity 
components  of  a  particle  starting  on  axis  (x0  «  0.0,  y0  -  0.0),  a  particle  starting  at  x0  «  0.0.  y0  »  0.3  cm, 
and  a  particle  starting  at  x0  -  0.3,  y0  ■  0.0  respectively.  The  different  harmonic  structure  predicted  by  the 
analytic  theory  can  be  seen  in  these  spectra.  Observe  that  the  amplitude  of  the  modified  betatron  doublet 
at  (/tc„±AfB)  in  the  axial  velocity  is  relatively  independent  of  the  initial  y-position.  In  addition,  the 
amplitude  of  this  doublet  increases  with  increases  in  the  initial  x-position  (NB,  the  initial  x-position  is  not 
identical  with  xB).  This  accounts  for  the  lack  of  emission  near  the  even  harmonics  in  ref.  (9)  for  which  the 
beam  radius  was  0.2  cm  (in  contrast  to  the  case  discussed  herein  for  which  the  beam  radius  is  1.0  cm).  Fig. 
S  shows  a  comparison  between  the  analytic  and  numerical  calculations  for  Kh  as  a  function  of  initial 
x-position  with  initial  y0  *  0.0.  As  shown  in  the  figure  the  analytic  approximation  for  Kt  [eq.  (13)]  holds 
for  x0  <,  0.35  cm,  after  which  it  diverges  from  the  numerical  solution.  The  scaling  of  the  magnitude  of  the 
betatron  oscillations  as  a  function  of  the  initial  x-position,  obtained  from  the  numerical  solutions,  is 
shown  in  fig.  6. 
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4.  Conclusions 

In  this  paper,  we  have  described  the  results  of  a  three-dimensional  nonlinear  simulation  of  the  harmonic 
radiation  from  a  planar  wiggler  based  FEL  amplifier  in  which  wiggle  plane  focussing  is  accomplished  by 
means  of  parabolically  shaped  pole  pieces.  The  results  indicate  that  the  inhomogeneity  in  the  wiggler  field 
in  the  plane  of  the  bulk  wiggle  motion  can  give  rise  to  emission  close  to  the  even  harmonics  in  addition  to 
the  usual  odd  harmonic  radiation.  The  source  of  this  additional  harmonic  radiation  is  a  slow  modified 
betatron  oscillation  in  the  wiggle  plane  which  induces  oscillation  with  wave  numbers  (kw  ±  Ka)  in  the 
axial  velocity.  These  oscillations  in  the  axial  velocity  are  the  source  of  the  even  harmonic  radiation.  The 
amplitude  of  the  modified  betatron  oscillations  and.  hence,  the  emission  near  the  even  harmonics  is 
correlated  with  the  initial  displacement  of  the  beam  electrons  from  the  axis  of  symmetry.  As  a 
consequence,  the  additional  radiation  near  the  even  harmonics  can  be  minimal  if  the  electon  beam  radius 
is  small  (9).  In  general,  however,  the  additional  harmonic  emission  will  be  found  with  any  planar  wiggler 
configuration  which  exhibits  an  inhomogeneity  in  the  wiggle  plane.  Thus,  attempts  to  enhance  focussing  of 
the  beam  in  the  wiggle  plane  can  also  have  the  effect  of  producing  an  enhancement  in  the  harmonic 
emission. 
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A  fully  ihree-dimensional  nonlinear  analysis  of  the  harmonic  Ubitron/Free  Electron  Laser  is  discussed  which  is  valid  for 
arbitrary  harmonic  number.  The  analysis  has  been  performed  for  a  configuration  consisting  of  a  beam  propagating  through  a 
loss-free  rectangular  waveguide  in  the  presence  of  a  planar  wiggler  field.  The  wiggler  model  includes  an  adiabatic  entry  taper  to 
model  the  injection  of  the  beam  into  the  wiggler.  parabolic  pole  pieces  to  provide  additional  focussing  m  the  plane  normal  to  the 
wiggler.  and  an  amplitude  taper  downstream  from  the  entry  region  for  efficiency  enhancement  The  advantage  of  harmonic  operation 
is  that  relatively  high  operating  frequencies  may  be  obtained  with  relatively  modest  beam  energies;  however,  this  occurs  at  the 
expense  of  a  greater  sensitivity  to  beam  thermal  effects.  In  addition  to  enhancing  the  extraction  efficiency,  a  tapered  wiggler  has  been 
shown  to  reduce  the  sensitivity  of  the  interaction  to  thermal  effects.  Thus,  the  tapered  wiggleT  is  designed  to  counter  the  increased 
thermal  sensitivity  of  the  harmonic  interaction.  Specific  design  cntena  for  a  third  harmonic  experiment  operating  at  15  GHz  with  a 
55  keV  electron  beam  are  discussed. 


1.  Introduction 

The  harmonic  operation  of  a  Ubitron  or  Free  Elec¬ 
tron  Laser  (FEL)  has  been  described  in  terms  of  a  linear 
theory  for  the  gain  in  a  planar  wiggler  configuration  [lj 
as  well  as  nonlinear  analyses  of  the  interaction  in  both 
helical  (2]  and  planar  [3.4]  wiggler  devices.  These 
analyses  indicate  that  both  the  gam  and  saturation 
efficiencies  of  the  harmonic  interaction  are  substantial 
fractions  of  that  found  at  the  fundamental  when  ther¬ 
mal  effects  are  negligible.  However,  the  harmonic  inter¬ 
action  becomes  increasingly  sensitive  to  beam  thermal 
effects  as  the  harmonic  number  increases.  In  order  to 
compensate  for  thermal  effects,  we  consider  the  use  of  a 
tapered  wiggler  to  enhance  the  interaction  efficiency. 
The  use  of  a  tapered  wiggler  for  efficiency  enhancement 
has  been  amply  described  in  the  literature  [3,6]  and 
demonstrated  experimentally  [7]  for  operation  at  the 
fundamental.  Recently,  nonlinear  simulations  of  the 
fundamental  interaction  for  a  planar  wiggler  [8,9]  indi¬ 
cate  that  a  tapered  wiggler  can  reduce  the  sensitivity  of 
the  interaction  to  thermal  effects  in  addition  to  enhanc¬ 
ing  the  efficiency.  It  is  our  intention  in  this  paper  to 
explore  the  effects  of  a  tapered  wiggler  on  the  harmonic 
interaction,  and  to  describe  the  design  stages  of  a  third 
harmonic  experiment. 


The  specific  configuration  we  consider  is  third 
harmonic  operation  in  the  microwave  regime  in  which 
the  intersection  between  the  beam  resonance  line  and 
the  dispersion  relation  of  the  wave  is  close  to  grazing 
near  the  waveguide  cutoff.  In  this  manner,  the  beam 
and  waveguide  parameters  may  be  chosen  in  such  a  way 
as  to  ensure  that;  (I)  only  a  single  waveguide  mode  is 
resonant  with  the  beam,  and  (2)  there  is  no  resonant 
interaction  at  the  fundamental.  Thus,  both  mode  and 
harmonic  competition  can  be  controlled.  The  specific 
parameters  of  interest  involve  15  GHz  operauon  with  a 
55  keV/15  A  electron  beam.  The  planned  wiggler  is  a 
novel  modification  of  a  previous  electromagnet  design 
[10]  using  a  current  sheet  to  produce  a  planar  wiggler. 
Field  strengths  in  excess  of  1  kG  can  be  achieved  at  a 
period  of  3  cm.  Observe  that  fundamental  operation  at 
this  frequency  would  involve  beam  energies  greater  than 
200  keV. 

The  organization  of  the  paper  is  as  follows.  The 
nonlinear  formulation  is  given  briefly  in  section  2.  This 
analysis  has  been  described  in  detail  elsewhere  [3.8.9] 
and  is  applicable  to  the  treatment  of  a  multiple  mode 
interaction  at  an  arbitrary  harmonic  (as  well  as  the 
fundamental).  A  numerical  analysis  of  the  case  of  inter¬ 
est  is  presented  in  section  3  which  deals  with  a  third 
harmonic  interaction  between  the  beam  and  a  single 
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TE„,  mode  in  a  rectangular  waveguide  Section  4  deals 
with  the  detailed  design  of  an  experiment,  and  a 
summary  and  discussion  are  given  in  section  S. 


2.  General  formulation 


The  physical  configuration  we  consider  describes  an 
electron  beam  propagating  through  a  rectangular  wave¬ 
guide  in  the  presence  of  a  planar  wiggler  field.  The 
planar  wiggler  field  model  includes  the  effect  of  para¬ 
bolic  tapering  of  the  magnetic  pole  faces  for  enhanced 
focusing  of  the  electron  beam  [11],  and  is  expressed  as 

B*(x) 


B*(  -  )|cos(  ) 


i,  sinh 


, / kwx  \  I  k  v 

+  e.  coshl  — — -  coshl  — -f- 

\  i/2  /  V  i/2 

-  v'Te.  sin(  kmz )  cosh|  ~J- 


where  Bm  denotes  the  wiggler  amplitude,  and  - 
2ir/\„.  where  A.  is  the  wiggler  period)  is  the  wiggler 
wavenumber.  In  both  cases  we  allow  for  a  tapering  of 
the  wiggler  field  amplitude  to  model  both  the  injection 
of  the  beam  into  the  wiggler.  and  for  efficiency  en¬ 
hancement  by  a  tapered  wiggler  at  some  point  down¬ 
stream  from  the  start  of  the  interaction  To  this  end.  we 
choose 


/  fl.  sin:(  A.r/4,Vw  ). 

U„[l  +<WM 


0<.-<V.A. 
•V.A.  <.*<.•„ 


where  descnbes  the  length  of  the  entry  region,  and 
< .  denotes  the  scale  length  for  variation  of  the  wiggler 
amplitude  relative  to  the  reference  point  Note  that 
since  the  fnnging  fields  associated  with  a  tapered  wig- 
gler  have  been  neglected,  it  is  implicitly  assumed  that 
the  taper  is  slow  (i.e.,  is  large  and  )c.  |  «  1). 

The  boundary  conditions  on  the  radiation  fields  at 
the  waveguide  wall  are  satisfied  by  expanding  the  field 
in  terms  of  the  vacuum  waveguide  modes.  The  vector 
potential  of  the  TE  modes  in  a  rectangular  waveguide 
bounded  by  -a/2  <  x  <  a/2  and  -6/2  <y  <  6/2  is 

30 

6A{x.  r)  -  £'  6A,.(:)t,.(x.  y)  cos  u(z,  /), 

/.«*- o 

where 

a(z,  r)  -  /  dr'lr(z')  -  ut, 

■'o 


the  summation  symbol  indicates  that  both  I  and  n 
may  not  be  zero. 


whore  X  -  x  *  a/2  and  Y  - y  *■  6/2.  and  the  cutoff 
wavenumber  of  the  mode  is  given  by 


The  equations  governing  the  evolution  of  the  slowly- 
varying  amplitude  and  phase  are  found  by  substitution 
of  these  forms  for  the  vector  potentials  into  Maxwell’s 
equations  and  then  averaging  over  a  wave  period  and 
onhogonaiizing  in  the  transverse  dimensions.  The  result 
for  the  TE  modes  in  a  rectangular  waveguide  is  of  the 
form 


w;  /  cos  a  \ 


7ti  !/:*„  >  «*r/sina 

2k  d*'A  <fl") 


where  Sa,„  *  e6Alm/mc~  is  the  normalized  wave  ampli¬ 
tude.  and  F,  *  4  whenever  either  /  *  0  or  n  »  0  and  8 
otherwise.  These  equations  must  be  integrated  for  each 
mode  included  in  the  simulation  Analogous  equations 
may  be  derived  for  the  TM  modes. 

The  averages  indicated  in  the  equations  governing 
the  evolution  of  the  amplitude  and  phase  arc  to  be 
taken  over  an  ensemble  of  electrons  whose  trajectories 
are  self-consistently  integrated  using  both  the  magneto¬ 
static  and  electromagnetic  fields.  The  average  itself  is 
taken  over  the  initial  conditions  of  the  beam  outside  the 


wiggler.  and  the  injection  of  the  beam  into  the  wigg.cr  is 
modeled  by  allowing  the  wiggler  amplitude  to  increase 
adiabatically  from  zero  to  a  constant  level.  This  proce¬ 
dure  has  been  adopted  because  it  is  difficult  to  diagnose 
the  beam  conditions  inside  the  wiggJer.  As  a  conse¬ 
quence.  greater  accuracy  may  be  obtained  by  making 
use  of  the  more  reliable  knowledge  of  the  beam  as  it 
comes  off  the  cathode  and  subsequently  model  the 
injection  of  the  beam  into  the  wiggler.  The  electron 
beam  in  this  case  will  be  assumed  to  be  monoenergetic 
but  to  have  a  pitch  angle  spread  in  transverse  velocity. 
.As  a  result,  we  employ  an  initial  momentum  space 
distribution  as  follows 


WPo)  e*p[-(/>,o-Po)VVi] 
*HPo~pi  -p}o)H(p.. o). 
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where  Hi  p:l))  is  the  Heaviside  function,  the  normaliza¬ 
tion  constant  is  given  by 


A 


It  C  d p.„  exp[  -  (  p:[) 
Jo  ' 


pg  describes  the  total  momentum  of  the  beam,  and  ip 
describes  the  axial  momentum  spread.  This  axial 
momentum  spread  can  be  related  to  the  cathode  or 
emittance  dominated  axial  energy  spread  by  the  relation 


where  y0  ”  (1  +  pg/m'c 1 )‘ /:  is  the  relativistic  factor 
corresponding  to  the  total  energy.  The  averaging  oper¬ 
ator  is  defined  in  terms  of  this  momentum  space  distri¬ 
bution  as 


«■•■)> 

-5^ />/>"*“ 

*«P[  ~(  P:0 

X  //  d-xU  d>0®  *(■*«»•  ,0)/;  I  (  V^O  )(  •  •  •  )• 

where  Af  is  the  cross-sectional  area  of  the  waveguide. 
£-o  “  <'.-<>/<  •  <f>tj  -  ian‘ '(  p,  „//>,<,  I  and  p:Q  define  the 
initial  momentum  space  coordinates  of  the  electron.  x0 
and  r„  are  the  initial  cross-sectional  positions  of  the 
electrons.  i0  is  the  initial  ponderomotive  phase,  and  a  _ 
and  a  descnbe  the  initial  electron  distnbutions  in 
cross-section  and  ponderomotive  phase.  It  should  be 
remarked  that  the  averaging  process  implicitly  describes 
the  overlap  between  the  beam  and  the  radiation  field, 
and  no  explicit  inclusion  of  a  filling-factor  is  required. 

In  order  to  complete  the  formulation,  the  electron 
orbit  equations  in  the  presence  of  the  static  and  fluctua¬ 
tion  fields  must  be  specified.  It  should  be  emphasized 
that  while  the  field  equations  have  been  averaged  over  a 
wave  period,  no  average  is  performed  on  the  orbit 
equations.  Since  the  model  is  intended  to  descnbe  an 
amplifier  configuration,  we  choose  to  integrate  in  the 
axial  posiuon  z  and  wnte  the  Loreniz  force  equations 
in  the  form 

L'.-j-p  •  -eSE  -  -  v  x  (B*  +  SB). 

•dr  c 

where  the  electric  and  magnetic  fields 

SE  -  -  -  ^-SA ,  and  8B-Vx8A 
c  3r 

are  derivable  from  the  vector  potentials  and  consist  in 
the  sum  of  all  the  TE  and/or  TM  modes  included  in 
any  specific  simulation.  In  addition,  the  axial  guide 


field  must  be  included  in  the  event  of  a  helical 
wiggler/ axial  guide  field  configuration. 

The  initial  conditions  for  the  electron  beam  are 
chosen  to  describe  the  injection  of  a  uniform  pencil 
beam  centered  on  the  axis  of  symmetry  with  a  flat- 
topped  density  profile  and  an  arbitrary  axial  momen¬ 
tum  spread.  The  radiation  field  includes  all  resonant 
modes  at  the  frequency  of  interest.  The  initial  wave- 
numbers  for  the  modes  included  in  any  given  case  are 
chosen  to  correspond  to  the  values  of  the  vacuum 
modes,  and  subsequently  evolve  subject  to  the  dielectric 
effect  of  the  beam.  The  growth  rates  are  represented  by 
the  first  derivatives  of  the  amplitude  and  are  set  to  zero 
initially  since  the  wiggler  field  amplitude  vanishes  at 
this  point.  The  wave  amplitudes  are  chosen  to  represent 
the  injected  power  level  for  each  mode. 


3.  Numerical  analysis 

The  particular  example  under  consideration  deals 
with  a  third  harmonic  interaction  in  which  the  funda¬ 
mental  is  below  cutoff  and  in  which  only  the  TE0, 
mode  is  resonant.  The  electron  beam  is  characterized  by 
an  energy  of  55  keV.  a  current  of  15  A.  and  an  initial 
radius  of  0.2  cm.  The  wiggler  has  an  amplitude  of  990 
G.  a  period  of  3.0  cm.  and  an  entry  taper  region  which 
is  5  wiggler  periods  in  length.  The  waveguide  dimen¬ 
sions  are  a  -  3.2  cm  and  b  -  1.58  cm.  We  first  consider 
the  case  of  a  uniform  wiggler  and  investigate  the  sensi¬ 
tivity  of  the  interaction  to  beam  thermal  effects  The 
spatial  growth  of  a  3  kW  injected  signal  at  a  frequency 
of  15.74  GHz  is  shown  in  fig.  1  for  the  case  of  a  beam 
with  Jy;i  -  0.  Saturation  occurs  with  an  efficiency  of 
approximately  2.75.  This  gives  a  net  gain  of  0  12  dB/cm 
over  a  total  interaction  length  (i.e..  including  the  entry 
taper  region)  of  about  70  cm.  This  frequency  corre¬ 
sponds  to  the  cental  peak  of  the  interaction  spectrum 
As  shown  in  fig  2.  resonance  occurs  from  approxi- 


Fig  1.  Graph  of  the  evoluuon  of  the  power  with  axial  position 
for  an  ideal  beam  in  a  uniform  wiggler. 
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Fig  2.  Spectrum  showing  (he  efficiency  as  a  function  of 
frequency  for  an  ideal  beam. 

maielv  15  6  GHz  through  16.1  GHz  with  a  peak  ef¬ 
ficiency  of  the  order  of  2.8*1 . 

It  is  evident  from  fig.  1  that  a  substantial  modulation 
is  superimposed  on  the  bulk  growth  of  the  signal.  A 
Fourier  transform  of  this  spatial  variation  is  shown  in 
fig.  3.  and  the  modulation  is  evident  with  wavenumbers 
of  2A*.  4 k„.  6 8*..  lO/i..  and  etc.  In  order  to 
explain  this  we  turn  to  a  much  simplified  model  of  the 
interaction.  The  induced  motion  in  a  planar  wiggler 
oscillates  at  the  wiggler  period  in  the  plane  perpendicu¬ 
lar  to  the  field  with  an  amplitude  given  approximately 
by  Q., 'To*.,  where  12.  -  eB./mc  For  the  configura¬ 
tion  under  consideration,  therefore,  we  may  write 


The  interaction  will  primarily  occur  with  a  plane 
polarized  wave  of  the  form 
SE  »  SE,/,  sin(  k;  -  ut ). 

and  depends  on  the  overlap  of  theses  quantities  through 
J  •  SE.  which  has  the  form 

J‘SE  *  -  ^  -~-5£„(cos  +  -  cm(<k  -  2*. :)) 


i  ])4S*r*«i«u 


k/k. 

Fig  3  The  Fourier  spectrum  of  the  spatial  evolution  of  the 
power. 
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Fig.  4.  Graph  showing  the  decrease  in  efficiency  with  the 
increase  in  thermal  spread. 

This  describes  the  beating  of  the  wiggler  and  radiation 
fields  at  the  fundamental  which  is  the  source  of  the  FEL 
interaction.  It  is  evident  that  the  upper  beat  wave  varies 
as  cos  \f,.  where  ^  is  the  slowly-varying  ponderomotivc 
phase.  However,  the  lower  beat  wave  will  oscillate  with 
a  wavenumber  of  2*.  and  is  the  source  of  the  modula¬ 
tion.  The  interaction  is  similar  at  the  harmonics,  and  the 
modulation  at  4 kw.  6k „ .  etc.,  derives  from  higher  order 
oscillations  to  the  wiggler-induced  velocity.  Observe  that 
such  modulation  of  the  signal  ai  the  even  harmonics  of 
the  wiggler  period  occur,  if  at  all.  at  a  much  lower  level 
in  the  case  of  a  helical  wiggler  because  the  svmmeirv 
acts  to  suppress  the  lower  beat  wave. 

Reluming  now  to  the  question  of  the  sensitivity  of 
the  interaction  to  thermal  effects,  we  plot  the  decrease 
in  the  efficicncv  with  increasing  thermal  (in  this  case 
through  a  pitch  angle)  spread  in  fig.  4  As  shown  in  the 
figure,  the  efficiency  decreases  by  a  factor  of  two  as 
Ap/p0  increases  to  a  value  of  about  0.045T  corre¬ 
sponding  to  a  value  of  ^y,/y0  -  0.01 1  This  is  ex¬ 
tremely  difficult  (if  not  impossible)  to  achieve  given  the 
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Fig.  5  Graph  of  the  maximum  efficiency  versus  the  normalized 
taper 
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Fig.  6.  Variation  in  the  maximum  efficiency  of  a  third  harmonic 
tapered  wiggler  interaction  with  thermal  effects. 

current  state-of-the-art  in  electron  beam  technology, 
and  motivates  our  study  of  the  effect  of  wiggler  taper 
on  the  harmonic  interaction. 

The  effect  of  a  tapered  wiggler  is  shown  in  fig.  5  in 
which  we  plot  the  maximum  efficiency  (i.e..  if  the  field 
is  tapered  to  zero)  as  a  function  of  the  scale  length  of 
the  taper  in  the  absence  of  thermal  effects.  As  shown  in 
the  figure,  the  maximum  obtainable  efficiency  is  ap¬ 
proximately  23%  which  is  almost  an  order  of  magnitude 
greater  than  that  found  for  the  uniform  wiggler.  In 
addition,  the  optimal  range  for  the  taper  itself  is  for 
0 0005  <|«„!<  0.0009  The  optimal  range  for  the  taper 
is  governed  by  the  requirements  that  the  taper  be  rapid 
enough  to  maintain  the  axial  beam  velocity  required  for 
the  wave  particle  resonance  but  not  so  rapid  that  the 
beam  becomes  detrapped.  By  way  of  comparison  «.  - 
-0.0078  in  the  experiment  at  LLNL  [7],  and  simula¬ 
tions  of  the  experiment  indicate  that  the  maximum 
extraction  efficiency  would  occur  for  (8J  <„  at  0.002.  It 
appears,  therefore,  that  harmonic  experiments  require 
slower  tapers  than  at  the  fundamental.  The  reason  for 
this  is  that  the  ponderomotive  potential  is  directly  pro¬ 
portional  to  the  normalized  wiggler  amplitude  ( S2w/k  mc) 
for  the  fundamental,  but  vanes  as  the  cube  of  this 
factor  at  the  third  harmonic.  As  a  result,  the 
ponderomotive  potential  tends  to  be  smaller  at  the 
harmonics  and  the  effect  of  a  given  wiggler  taper  is 
larger.  Indeed,  the  upper  bound  on  the  effective  taper 
shown  in  the  Figure  for  <  „  a  -0.001  occurs  because  the 
effect  of  the  taper  has  overwhelmed  the  ponderomotive 
force,  and  the  particles  have  become  detrapped  (see  Fig. 
5). 


4.  Experimental  design 

Harmonic  operation  of  the  Ubitron/FEL  is  an  at¬ 
tractive  method  of  overcoming  the  high  voltage  nature 


of  the  mechanism.  Harmonics  can  be  utilized  to  reduce 
the  voltage  required  to  achieve  gain  at  a  given  frequency, 
or  they  can  be  used  to  access  higher  frequencies  for  a 
set  voltage.  Operation  at  harmonics  is  particularly  at¬ 
tractive  in  the  microwave  and  millimeterwave  domain. 
In  this  region,  the  voltage  reduction  scales  as  l/#r  (as 
opposed  to  \/'fn  at  higher  voltages,  where  n  is  the 
harmonic  number),  and  the  waveguide  properties  allow 
some  control  over  the  interaction.  The  experiment  is 
intended  to  be  a  basic  proof-of-prinople  study  of 
harmonics  ui  the  Ubitron.  As  such,  the  design  has  not 
been  optimized  for  harmonic  operation:  rather,  it  has 
been  designed  to  be  flexible  and  to  make  use  of  existing 
equipment  as  much  as  possible.  The  experiment  is  de¬ 
signed  to  permit  grazing  incidence  operation  with  the 
third  harmonic  as  well  as  the  First  harmonic  in  the  same 
frequency  band  through  voltage  tuning  This  will  allow 
a  direct  comparison  of  the  two  modes  of  operation, 
harmonic  versus  fundamental.  For  third  harmonic  oper¬ 
ation.  the  First  harmonic  will  be  cutoff  to  eliminate  any 
competition  between  the  interactions.  The  expenmental 
device  consists  of  6  modular  sections:  (1)  the  beam 
generation  region.  (2)  the  rf  input  coupler.  (3)  the 
interaction  region.  (4)  the  beam  collector.  (S)  the  rf 
output  coupler,  and  (6)  the  calorimeter.  There  are  also 
two  resistive  current  monitors,  one  before  and  one  after 
the  interaction  region 

The  electron  beam  is  generated  using  a  250  kV/250 
A  SLAC  klystron  gun  which  has  been  modified  to 
reduce  the  emitted  current  Using  a  senes  of  coils,  the 
beam  is  compressed  and  transported  through  the  input 
coupler  and  into  the  interaction  region. 

The  rf  input  coupler  is  required  in  order  to  inject  the 
signal  to  be  amplified  from  Ku  band  guide  into  an 
overmoded  C  band  waveguide  used  in  the  interaction 
region.  A  full  investigation  of  harmonic  operation  re¬ 
quires  several  entena  to  be  met  by  the  input  coupler 
design.  The  coupler  must  be  efficient  over  a  broadband 
with  some  degree  of  mode  control  while  remaining 
compact  and  allowing  for  beam  transmission  The  de¬ 
sign  shown  in  fig.  7  satisfies  these  requirements.  Two 
input  Ku  band  guides  (WR62)  operating  in  the  funda¬ 
mental  TE,0  mode  taper  into  a  C  band  guide  (WR137). 

If  the  two  input  signals  are  in  phase  they  will  combine 
into  a  TE0,  mode.  There  is  little  reflection  for  this  mode 
since  the  wave  impedance  docs  not  change.  If  the  two 
input  signals  are  1808  out  of  phase.  TEn/TMn  modes 
will  be  launched.  To  allow  beam  transmission,  a  hole  is 
bored  in  the  center  of  the  rf  taper  piece. 

The  interaction  region  consists  of  standard  WR137 
waveguide  sandwiched  between  the  two  halves  of  a 
planar  wiggler.  The  wiggler.  as  shown  in  Fig.  8.  is  a 
multiply  counterwTapped  electromagnet  based  upon  a 
previous  design  (10).  In  addition  to  providing  current 
multiplication,  the  counterwrapping  scheme  produces  a 
built-in  current  taper  which  greatly  reduces  end  effects. 
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Fig.  7  Input  coupler  configuration  showing  the  transition  from 
the  input  signal  and  beam  into  the  interaction  region. 

Two  other  advantages  of  this  wiggier  over  the  original 
design  are  that  edge  asymmetries  are  reduced  and  the 
input  and  output  contacts  are  on  the  same  side  and  at 
the  same  end.  The  importance  of  the  latter  feature  is 
that  the  leads  from  the  current  supply  can  be  twisted  or 
coaxial,  thereby  eliminating  stray  fields  from  long  leads. 
Wiggle  plane  focussing  is  provided  by  extending  the 
pole  pieces  down  the  sides  of  the  waveguide,  as  can  be 
seen  in  fig.  8.  The  magnet  shown  in  the  figure  is  a 
prototype  which  has  been  built  and  tested.  It  consists  of 
two  wraps  while  the  one  to  be  used  in  the  experiment 
will  have  eight  wraps  on  each  half.  The  test  wiggier  is 
10  5  periods  long  with  a  3  cm  period.  The  tests  were 
performed  with  both  pulsed  (100  ps)  and  AC  (60  Hz) 
currents,  and  were  compared  with  two-dimensional 
Poisson  calculations  The  results  of  a  scan  down  the 
axi>  at  the  center  of  the  gap  shows  that  end  effects  are 
indeed  reduced.  The  measured  peak  to  peak  variations, 
using  ac  current  excitation,  are  less  than  1%  for  the 


i  tea) 

Fig.  9.  Graph  of  the  measured  axial  variation  of  the  prototype 
wiggier  magnet. 


Fig.  10  The  horizontal  and  vertical  profiles  of  the  Higgler  field 
in  the  prototype  wiggier  magnet 


Fig  8.  Photograph  of  the  prototype  wiggier 
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central  six  periods.  The  variations  are  slightly  greater 
with  pulsed  current  due  to  excessive  noise  in  the  signal, 
not  because  of  an  actual  difference  in  magnet  perfor¬ 
mance.  The  magnetic  field  amplitude,  however,  is  lower 
for  pulsed  excitation  than  it  is  for  ac  current  drive.  This 
is  probably  due  to  diffusion  effects  in  the  iron.  The 
on-axis  scan  with  ac  current  is  shown  in  fig.  9.  Scans 
were  also  taken  in  the  vertical  and  horizontal  directions 
at  fixed  points  along  the  axis.  A  sample  result  of  such  a 
scan  is  shown  in  fig.  10.  Due  to  the  small  excursion 
distance  of  the  three-axis  probe  slide,  it  was  not  possible 
to  take  a  complete  scan  in  either  direction.  As  a  result, 
the  scans  were  started  at  the  top  or  left  edge  and  went 
for  the  distance  of  the  slide's  micrometer,  which  was 
slightly  more  than  half  the  distance  across  the  gap.  The 
symmetry  was  checked  and  found  to  be  good,  and  the 
horizontal  and  vertical  gradients  in  the  field  will  pro¬ 
vide  focussing  for  the  beam. 

The  output  monitors  are  mode  selective  WR137  to 
WR62  waveguide  directional  couplers.  They  will  pro¬ 
vide  waveshape,  frequency,  mode,  and  power  informa¬ 
tion.  In  addition  to  the  TE0,  mode,  the  TE10.  TE;o. 
TE„.  TM,,.  TE21.  TM2i.  TEjo.  TE31.  TMlt.  and  TE*„ 
modes  will  propagate  in  the  frequency  band  of  interest. 
The  TEt0  modes  can  be  ignored  since  they  will  not  be 
launched  and  the  beam  should  have  no  interaction 
them.  To  sort  out  the  other  modes  three  different  cou¬ 
plers  are  to  be  used  One  will  couple  out  all  of  the 
modes,  the  second  will  couple  to  only  the  TE0I.  TE,,. 
and  TE„  modes,  and  the  third  will  couple  the  TE0,  and 
TE:,  modes.  The  differences  between  the  couplers,  along 
with  frequency  information,  are  sufficient  to  determine 
the  amplified  modes. 


5.  Sutunary  and  discussion 

In  this  paper  the  nonlinear  analysis  and  experimen¬ 
tal  design  for  a  harmonic  Ubitron  experiment  have  been 
described.  The  analytical  model  is  appropriate  to  a 
rectangular  waveguide/  planar  wiggler  configuration 
and  is  capable  of  treating  an  arbitrary  ensemble  of 
waveguide  modes.  However,  the  specific  parameters  em¬ 
ployed  in  the  analysis  have  been  chosen  to  ensure  that 
only  the  TE01  mode  is  resonant.  The  results  of  the 


simulation  indicate  that  the  harmonic  interaction  is 
extremely  sensitive  to  beam  thermal  effects,  which  is  m 
accord  with  previous  analyses  [1.3).  The  use  of  a  tapered 
wiggler  is  proposed  in  order  to  offset  this  sensitivity 
For  the  specific  parameters  of  interest,  simulation  indi¬ 
cates  that  the  extraction  efficiency  in  the  limn  of  an 
ideal  beam  can  be  increased  by  as  much  as  an  order  of 
magnitude  through  the  utilization  of  a  tapered  wiggler 
and  that  the  taperd  wiggler  offsets,  at  least  in  part, 
beam  thermal  effects. 
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CURRENT  SOTA  3-TERMINAL  SOLID  STATE  DEVICES 


In  the  discussion  of  the  competing  capabilities  of  solid-state  devices,  we  will  confine 
ourselves  to  High  Electron  Mobility  Transistors  (HEMT)  since  these  are  the  SOTA  solid- 
state  3-terminal  devices.  They  can  be  divided  into  3  distinct  catagories:  conventional 
HEMT’s,  Pseudomorphic  HEMT’s,  and  Indium  Phosphite-based  HEMT’s.  A  summary  of 
their  various  capabilities  follows: 

i)  Conventional  HEMT’s:  These  devices  provide  a  good  noise  figure  (NF)  over  the 
band  1-60  GHz  (for  example,  0.4  dB  at  8  GHz  andl.8  dB  at  60  GHz)  and  have 
a  high  transconductance  (gm  =  400  mS/mm)  which  gives  a  large  gain- bandwidth 
product.  However,  these  devices  exhibit  larger  temperature  dependence  of  gain  and 
noise  figure  than  FET’s  (good  performance  at  13°K).  The  high  frequency  operation 
of  these  devices  is  limited  to  a  gate-length  of  0.25/im  to  no  more  than  about  60  GHz. 
Operation  at  94  GHz  requires  a  gate-length  of  0.1  fim;  however,  operation  in  this 
regime  displays  a  high  output  conductance,  poor  pinch-off  characteristics,  and  poor 
rf  performance.  Following  numbers  will  give  some  idea  about  the  performance  level 
of  HEMT’s.  A  HEMT  with  150/im  gate-width  gives  100  mW  power  at  60  GHz  with 
3  dB  gain  at  22%  efficiency,  and  a  900  /im  gate  width  HEMT  gives  0.5  W  at  35  GHz. 

ti)  Pseudomorphic  HEMT’s:  These  devices  provide  a  better  noise  figure  tahn  either 
conventional  or  Indium  Phosphite-based  HEMT’s  for  1-100  GHz.  It  also  provides 
the  best  power  over  10-100  GHz  with  /«  about  230  GHz.  A  device  with  0.25  /im 
gate-length  has  a  high  transconductance  (600  mS/mm)  which  in  turn  results  in  a  high 
opearting  frequency.  This  technology  allows  a  gate-length  reduction  to  0.1  /im  which 
sets  the  upper  frequency  limit  to  94  GHz.  A  0.25  /im  gate-length  device  has  the  same 
noise  figure  as  conventional  HEMT,  but  it  gives  1-2  dB  higher  gain.  It  also  provides 
(1)  14%  efficiency  and  9  mW  power  at  94  GHz,  (2)  a  27%  efficiency  and  85  mW 
power  at  60  Ghz,  (3)  a  36%  efficiency,  and  100  mW  power  at  44  GHz,  and  (4)  a  44% 
efficiency  and  104  mW  power  at  35  GHz. 

Hi)  Indium  Phosphite  based  HEMT’s:  This  group  of  devices  give  the  best  NF(1- 
100GHz),  but  its  reliability  is  very  poor,  as  is  the  output  power.  The  NF  is  1.2  dB  at 
60  GHz.  It  has  high  transconductance  (900  mS/mm)  and  /,=  380  GHz. 

There  are  also  Heteroj unction  Bipolar  Transistors  (HBT)  which  are  vertical  devices. 
Their  transconductance  is  10  times  better  than  HEMT’s  and  ft  and  /,  are  about  100- 
200  GHz.  They  are,  however,  difficult  to  fabricate.  Since  these  are  still  very  much  in 
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development  ad  stage,  power  and  efficiency  data  are  not  available. 

SUMMARY 

The  best  solid-state  3-terminal  device  available  today  for  power  and  efficiency  is  the 
pseudomorphic  HEMT.  The  highest  obtainable  frequency  for  these  devices  is  94  GHz  with 
a  maximum  output  power  of  9  mW  for  a  14%  efficiency. 


REVIEW  OF  FIELD-EMISSION  TRIODE/TETRODE 

Figure  1  (a  and  b)  shows  the  basic  configuration  of  a  field-emission  triode/tetrode1. 
We  will  review  and  recalculate  some  basic  parameters  of  this  proposed  device  in  order  to 
find  out  its  performance  limitations  compared  to  the  solid-state  three  terminal  devices. 

Capacitance  calculation  for  a  FE-Triode:  A  100  cone  square  array  has  120  pm  length. 
If  the  height  of  the  dielectric  is  (see  figure  1)  1.5  pm,  relative  dielectric  constant  is  e,  then 
the  parallel-plate  capacitance  between  the  gate  and  the  cathode  is 

C\  =  0.0885^  pF 
d 

where  A  is  the  plate  area  (in  cm2)  and  d  is  the  distance  between  the  gate  and  the  cathode 
(in  cm).  If  e  =  3.84  (for  Si02),  then  Ci=0.3  pF.  This  capacity  can  be  reduced  by  about 
2/3  by  using  selectively  applied  interconnect  metal,  which  means  Ci  becomes  about  0.1 
pF.  Also  the  spacing  between  the  tips  can  be  reduced  to  9  pm  and  in  that  case  for  a  100 
cone  array,  Cj=  0.18  pF.  Thus,  selectively  interconnect  metals  will  reduce  Cito  0.06  pF. 
If  we  use  e=12,  for  pure  Si  (as  used  in  reference  1)  we  get  Cj=  0.3  pF.  Figure  2  shows  the 
circuit  picture  of  the  FE-Triode.  We  can  consider  two  different  design  configurations: 

Case  I)  for  a  very  large  Drain  (Anode)- Source  (Cathode)  spacing,  C\=  0.3  pF/mA, 
C2=  0,  Cj=  0  (for  detailed  calculations  please  see  reference  1). 

Case  II)  for  a  small  D-S  spacing  (cathode  height  =1.5  pm  and  gate-anode  height  = 
2  pm),  Ci  =  0.3  pF,  C2  =  0.13  pF,  and  Cj=  0.09  pF. 

Transconductance  of  an  FE-Triode:  The  transconductance  is  defined  by  the  ratio 
of  change  in  the  plate  current  to  the  change  in  grid  voltage,  t.e.  gm  =  Using  C. 

Spindt’s  most  recent  set  of  data!3!  we  get  gm  =  1.0  mS  for  200  cones  at  70  V  gate  voltage 
and  gm  =  2.0  mS  for  24  cones  at  300  V  gate  voltage  with  9  pm  spacing  between  the 
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tips.  Transconductance  value  is  usually  used  to  find  the  upper  frequency  limitations  for  rf 
devices  and  we  will  talk  about  that  in  the  next  section. 

Upper  frequency  limit  of  a  FE-Triode:  The  frequency  at  which  the  short-circuit 
current  gam  drops  to  0  dB  is  known  as  ft  and  the  frequency  at  which  the  power  gam  drops 
to  0  dB  is  known  as  /«  or  fmaz ■  Although  ft  is  relatively  easy  to  calculate  ( ft  =  y*=5r-) 
for  each  circuit  the  expression  for  /„  is  not  easily  obtainable.  In  addition,  there  is  no 
simple  relationship  between  the  two  ( ft  and  /„).  In  reference  1,  /,  was  found  using  the 
programme  “COMPACT”  which  is  an  amply  tested  programme  in  this  field.  Using  the 
set  of  data  from  reference  2  the  values  of  the  transconductance  obtained  were  relatively 
small,  e.g.  for  case  I,  gm  =  30  fiS  and  case  II,  gm  =  21  /iS  (both  for  100  cone  array).  In 
order  to  avoid  numerical  problems  in  the  computer  programme  “COMPACT”,  in  reference 
1  the  value  of  the  transconductances  used  were  5  times  the  above  value,  i.e.  for  case  I, 
gm  =  150  /iS  and  for  case  II.  gm  =  105  /J.S.  Since  the  state  of  the  art3  indicates  that  gm 
for  200  cone  array  is  about  1.0  mS  at  70  V'  gate  voltage,  and  2.0  mS  for  24  cone  array  at 
300  V  gate  voltage,  the  above  values  are  more  than  reasonable.  For  case  I,  where  /f=79.6 
MHz,  /„=  140  MHz  but  for  case  II  where  ft  =  55.7  MHZ,/W  =  20  GHz.  Thus,  it  can  be 
seen  that  for  a  microwave  device  /,  and  /„  are  not  necessarily  related  in  a  very  simple  way. 
In  other  words,  by  calculating  ft  (which  can  be  calcn^^d  easily)  we  do  not  necessarily 
gain  any  knowledge  about  the  actual  upper  usablt  frequency. 

Using  the  most  recent  values  of  the  transconductance  (1.0  mS  for  40  A/cm2  current 
density  for  200  cones  and  2.0  mS  for  85  A /cm2  current  density  for  24  cones)  the  upper 
usable  frequency  has  been  calculated.  The  circuit  and  the  circuit  parameters  used  can  be 
found  in  reference  1.  The  programme  used  to  calculate  the  “S”  parameters  (and  hence  the 
/.)  is  “TOUCHSTONE”.  For  gm  =  0.5  mS  for  100  cones,  /.=  70  GHz  ,  for  gm  =  1.5  mS 
for  100  cones,  /„=  130  GHz  and  for  gm  =  (2  x  4)  =  8  mS  for  (24  x  4)  ss  100  cones,  /»% 
500  GHz. 

Power  and  efficiency  calculations  for  FE-Triode:  Figure  3  shows  a  set  of  current- 
voltage  characteristic  curves  of  a  100  cone  array.  These  sets  were  derived  by  using  reference 
2.  For  class-A  operation,  with  the  drawn  load  line  (which  can  be  taken  as  a  typical  case) 
the  output  power  is 
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And  the  efficiency  can  be  defined  as 


T)  =  50  x 


V  -  V 
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+  V’m,, 


% 


=  25%. 


Using  reference  3,  (for  200  cones)  another  set  of  characteristic  curves  were  obtained 
(see  figure  4).  From  this  set  of  curves  we  get  Pout  =  3.6  W  and  the  efficiency  is  about  30%. 

For  class- B  operation,  a  push-pull  arrangement  has  to  be  designed  which  increases  the 
efficiency  and  output  power,  and  also  reduces  the  stand-by  current  to  almost  zero. 

Figure  lb  shows  the  configuration  of  a  FE-Tetrode.  It  is  seen  that  inclusion  of  the 
second  grid  makes  it  possible  to  work  as  an  ordinary  vacuum  tube.  An  already  existing 
tube  (with  thermionic  cathode)  with  dimensions  100  times  bigger,  works  at  a  frequency 
of  5  GHz.  Therefore,  normal  scaling  rule  suggests  that  our  proposed  FE-Tetrode  should 
work  at  hundreds  of  GHz. 


SUMMARY  OF  THE  EXPECTED  PERFORMANCE  OF  FE-TRIODE 

With  current  SOTA  FE  technology  (metal  cones,  not  silicon)  we  get: 

i)  fu  %  130  -  500  GHz. 

ii)  As  class-A  amplifier  Pout  «  3.5  W  and  efficiency  is  about  30%  with  gate  voltage  < 
300  V. 

Assumptions: 

i)  Transconductance  as  8.0  mS  for  100  cones  for  500  GHz  operation  and  gm  ss  0.5  mS 
for  100  cones  for  130  GHz  operation. 

ii)  Fabrication  capability  to  match  the  design  specification. 

Current  Status: 

Assumption  (i)  is  justified  because  the  current  data3  shows  that  the  transconductance 
is  about  2  mS  for  24  cone  array  (at  300  V  gate  voltage),  and  is  about  1  mS  for  200  cone 
array  at  about  70  V  gate  voltage. 

These  numbers  indicate  already  better  performance  than  that  of  existing  SOTA  solid-state 
3-terminal  devices.  Since  these  numbers  were  obtained  using  current  equals  to  40  /iA/tip 
and  104  /iA/tip,  which  are  obtainable  from  Molybdenum  cones  (Spindt  et  ai.)  and  since 
the  best  silicon  FE  data  shows  0.025  pA  /tip  (Gray  et  al.)  there  should  not  be  any  second 
thought  about  using  metal  cones  over  silicon  cones  for  rf  amplifying  devices  at  this  stage 
of  the  research. 


TECHNICAL  ISSUES  AND  GROWTH  POTENTIAL 


Because  the  input  resistance  strongly  affects  the  highest  operating  frequency  of  a 
triode  and  because  there  is  uncertainty1  about  its  calculation  there  is  only  one  way  to 
resolve  the  question  -  an  experiment  to  model  the  device  accurately.  Once  the  modelling 
informations  are  obtained  the  device  can  be  designed  with  much  more  confidence  and 
accuracy  for  higher  frequency  operation. 

The  basic  growth  potential  of  vacuum  microelectronics  is  enormous.  It  has  been 
discussed  by  many  authors  in  many  different  occassions.  For  this  particular  device  research 
the  growth  potential  lies  in  the  fact  if  the  triodes/tetrodes  can  be  evacuated  individually, 
then  it  could  possibly  be  integrated  with  the  current  MIMIC  programme,  which  is  a  very 
significant  and  strong  part  of  the  current  solid-state  industry.  For  more  details  please  see 
reference  4. 


FIELD-EMISSION  DISTRIBUTED  AMPLIFIER 

Now  we  will  explain  briefly  the  basic  configuration,  interaction  mechanism  and  ex¬ 
pected  performance  level  of  a  Field-Emission  Distributed  Amplifier  (FEDA). 

In  a  triode/tetrode  vacuum  tube,  an  input  signal  applied  between  the  gate  and  the 
cathode  results  in  an  amplified  signal  in  the  output  (plate/anode)  circuit.  In  the  FEDA5-6 
the  emitter,  gate  and  anode  are  extended  in  length  (but  not  in  width)  which  forms  a  double¬ 
microstrip  parallel- plate  transmission  line  with  the  field  emitter  embedded  in  it  over  th»' 
entire  length  of  the  device.  It  is  shown  schematically  in  figure  5.  The  input  signal  is  applied 
at  one  end  of  the  transmission  line  and  the  other  end  is  terminated  in  a  non-reflecting  resis¬ 
tive  load.  A  “grounded-grid”  triode  distributed  amplifier  is  not  practical  because  the  input 
signal  source  must  drive  the  cathode  current  against  the  anode  current  and  this  results 
in  an  excessive  load  (1  /gm)  in  the  input  circuit.  Therefore  a  tetrode  type  of  distributed 
amplifier  design  has  been  chosen.  The  screen-grid  is  AC  grounded  to  shield  the  input 
from  capacitively  coupling  to  the  output  and  thus  avoid  feedback  oscillation.  The  width 
of  the  first  grid  is  chosen  to  be  smaller  than  the  screen-grid  to  minimize  the  capacitance 
between  this  and  the  cathode  base.  The  appplied  input  signal  produces  a  travelling- wave 
density-modulated  signed  that  induces  a  similar  amplified  density-modulated  signal  on  the 
output  transmission  line.  The  FEDA  requires  that  the  phase  velocity  in  the  input  and 
the  output  transmission  lines  to  be  identical  because  the  induced  output  travelling  wave 
must  be  phase-matched  with  the  input  travelling  wave.  This  phase-match  was  proposed 
to  achieve  by  dielectrically  loading  the  output  line.  By  extensive  modelling7  (both  experi- 


mental  and  computational)  of  the  output  and  input  lines  we  have  demonstrated  that  it  is 
possible  to  control  the  output  phase-velocity  by  varying  different  design  parameters  and 
dielectric  constant  of  the  material  in  the  output  line.  Thus,  both  the  input  and  output  cir¬ 
cuits  are  wide-bandwidth  transmission  lines  and  since  the  cathode  area  has  been  increased 
the  cathode  current  and  the  output  power  increase  too. 

A  small-signal  theory8  has  been  developed  to  find  the  dependence  of  the  electronic 
gain  on  frequency,  beam  voltage,  beam  current  and  the  circuit  parameters.  The  electronic 
gain  and  the  circuit  loss  increase  as  the  transverse  dimension  of  the  circuit  is  decreased. 
For  optimum  net  gain,  this  dimension  should  lie  in  the  range  of  80  —  120  /im.  For  a  single¬ 
wedge  emitter  the  maximum  gain  varies  from  2  to  7.0  dB/cm  as  the  gate  voltage  decreases 
from  100  to  50  V  and  the  operating  frequency  range  is  45  to  75  GHz  for  the  set  of  design 
parameters  indicated  in  figure  6.  The  gain  increases  with  the  current  density  and  so,  for 
a  multiple-wedge  emitter  the  gain  is  expected  to  be  higher  whereas  the  loss  is  expected  to 
remain  the  same.  The  above  numbers  were  obtained  using  a  linear  current  density  of  15 
A/cm.  Current  SOTA  FE  technology’3  can  routinely  provide  5  A/cm  if  we  assume  a  wedge 
to  be  an  assembly  of  tips  0.2  pm  apart.  The  rapid  progress  of  FE  technology  suggests 
the  possibility  of  achieving  the  higher  current  density  in  the  near  future.  The  possibility 
of  using  multiple  wedges  also  demand  less  current  density  from  each  emitter.  To  find 
the  parametric  dependence  of  the  impedances  and  losses  (of  both  output  and  input  lines) 
quasi-static  microstrip  line  theory  has  been  used7.  Unlike  a  triode  the  FEDA-gain  occurs 
in  space  and  hence  the  length  of  the  device  must  be  a  few  wavelength  long  in  order  to  have 
appreciable  gain. 

Assuming  a  wedge  to  be  an  assembly  of  emitter  tips  0.2  /im  apart  and  also  assuming 
a  current  of  4  jiA/tip,  a  simple  circuit  theory5  shows  10’s  of  Watts  of  output  power  for 
about  60  GHz  frequency  with  >  25%  efficiency  with  <  200  V  at  the  gate.  Since  the 
state-of-the-art  FE  technology3  gives  100  /j A/tip  the  above  numbers  seem  to  be  quite 
conservative! 


CONCLUSION  AND  SUMMARY 

Because  of  its  interaction  mechanism  (and,  hence,  the  size)  FEDA  should  not  be 
compared  with  either  the  current  solid  state  devices  or  the  FE- Triode.  Although  it  may 
operate  at  somewhat  lower  frequency  than  the  triode  it  is  capable  of  producing  more  output 
power  with  a  broader  bandwidth. 


GROWTH  POTENTIAL 


Because  of  the  absence  of  magnets,  heater,  or  heater  power  supplies  and  because  of 
its  size  and  projected  performance  level  it  is  reasonable  to  conclude  that  FEDA  has  the 
potential  to  be  a  replacement  of  currently  available  TWT’s. 
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INTENDED  PLAN  OF  ACTIONS  AND  REASONS  FOR  THAT 

The  primary  goal  of  this  project  is  to  build  an  rf  amplifier  using  the  FE  technol¬ 
ogy.  The  performance  of  these  systems  is  potentially  better  than  the  current  solid-state 
three  terminal  devices.  The  distributed  amplifier  is  not  a  competetor  of  current  solid- 
state  devices  for  reasons  explained  above.  Of  the  two  configurations  discussed,  the  triode 
amplifier  is  easier  to  fabricate  than  the  distributed  amplifier.  The  basic  requirements  for 
both  amplifiers  are  high  current  per  tip  and  high  transconductance  per  capacitance.  For 
microwave  transmission  line  based  devices  (e.^.Distributed  Amplifier)  the  use  of  silicon  (a 
dielectric)  would  introduce  an  unnecessary  amount  of  loss.  The  silicon  tip  research  (high 
doping  concentration,  metal  coating  etc.)  has  a  long  way  to  go  before  it  can  match  the 
performance  of  metal  tips  (>  100  p. A/tip).  SRI  International  has  had  20  years  of  research 
experience  and  they  have  made  microtriodes  using  silicon  anodes  (because  of  the  easiness 
of  fabrication)  and  metal  coated  silicon  anodes.  Thus,  SRI  is  familiar  with  the  problems 
associated  with  microtriode  fabrication.  Experimentation  with  microtriodes  will  give  us 
valuable  informations  about  some  intrinsic  parameters  ( e.g .  transconductance,  parasitic 
resistance,  capacitances)  that  will  help  us  to  design  a  better  distributed  amplifier.  In  the 
process,  the  goal  of  building  an  rf  FE- amplifier  will  be  satisfied  too.  Moreover,  the  mi- 


crotriodes  can  be  cascaded  to  build  a  discretely  distributed  amplifier  too.  Therefore  the 
plan  is  to  give  a  contract  to  SRI  for  research  collaboration  and  fabrication  of  an  FE-Triode 
and  also  for  thinking  process  of  a  Distributed  Amplifier. 
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A  small-signal  theory  of  a  field-emission-array  distributed  amplifier  consisting  of  two 
microstnplike  transmission  lines  is  developed  to  calculate  the  premodulation  in  the  input 
channel  and  the  gain  in  the  output  channel.  A  first-order  perturbation  analysis  is  used  to  treat 
the  beam-wave  coupling  in  this  device  within  the  framework  of  a  cold  fluid  model.  The 
dependence  of  the  linear  gain  on  frequency,  beam  voltage,  beam  current,  and  the  circuit 
parameters  is  derived  to  determine  the  parameter  range  for  operation  of  the  device.  It  is  found 
that  the  height  of  the  circuit  is  restricted  to  lie  between  80  and  120/rm  to  maintain  high 
electronic  gain  and  low  loss  arising  from  the  finite  conductivity  of  the  metal  surfaces.  In  an 
output  line  having  a  substrate  with  a  relative  dielectric  constant,  e,  =  4,  a  net  gain  of  7  dB/cm 
is  calculated  with  a  beam  voltage  of  60  V  and  a  beam  current  of  2. 14  A/cm  in  each  wedge  of  a 
seven-wedge  emitter  array  As  the  beam  voltage  is  increased  in  the  range  60-100  V,  the  net 
gam  decreases  from  7.0  to  3.0  dB/cm.  while  the  frequency  for  maximum  gam  increases  from 
50  to  80  GHz  with  a  corresponding  increase  in  the  bandwidth.  The  small-signal  instantaneous 
bandwidth  is  in  excess  of  60%. 


I.  INTRODUCTION 

Vacuum  microelectronics' :  is  an  emerging  technology 
in  which  micrometer-size  devices  can  be  fabricated  to  take 
advantage  of  the  high-current-density  capability  and  the 
vacuum  ballistic  transport  properties  intrinsic  to  the  field- 
emitter  arrays  (FEAs)  .14  Because  of  the  high  drift  velocity 
in  vacuum  and  the  micrometer-scale  dimensions  available 
from  microelectronics  processing  techniques,  the  total  tran¬ 
sit  time  ( r)  for  electrons  in  vacuum  microelectronic  devices 
will  be  extremely  small  It  has  been  suggested'  that  the 
FEA-based  devices  might  allow  submillimeter-wave  ampli¬ 
fication  at  frequencies  approaching  1  THz  based  on  the  as¬ 
sumption  that  the  upper  cutoff  frequency  (/„ )  of  a  triodelike 
device  is  determined  by  the  total  transit  time,  i.e.. 
/„  ^  l/(2trr).  However,  the  transit  time  is  not  the  only  fac¬ 
tor  that  limits  the  upper  frequency  One  must  also  consider 
other  factors  such  as  electrode  capacitance  ( C„  ),  transcon¬ 
ductance  (g„  ),  conductor  losses  on  the  walls  and  the  elec¬ 
trodes,  etc.  For  example,  taking  into  account  the  effects  of 
transconductance  and  capacitance,  calculated  from  experi¬ 
mental  FEA  data,6  an  upper-frequency  limit  of  about  3  GHz 
has  been  predicted  by  Anderson7  from  the  relation 
/r  =  gm/2vCm.  In  the  experiment,6  the  effective  area  of 
emission  of  the  electrons  is  much  less  than  the  area  of  the  tip, 
leading  to  a  low  value  of  gm .  If  improved  fabrication  tech¬ 
nique  can  give  uniform  emission  from  the  entire  tip  and  if  the 
metal  work  function  can  be  lowered  to  3  eV,/r  can  be  in¬ 
creased  to  250  GHz. 

Gray  and  Greene*  proposed  a  distributed-amplifier 
configuration  to  increase  gm  following  the  ideas’  originally 
conceived  for  vacuum  tubes  in  which  the  transconductance 
of  the  tubes  could  be  added  and  the  capacitances  could  be 
used  to  create  an  artificial  transmission  line  with  large  trans- 


*  Permanent  addreu  Science  Applications  IntemationaJ  Co rp  .  McLean. 
VA  22102 


conductance  and  small  capacitance.  Although  the  circuit 
has  higher /r,  the  upper  frequency  is  still  limited  by  the  con¬ 
ductor  losses  in  the  transmission  lines.  Kosmahl10  per¬ 
formed  an  analytical  evaluation  of  a  “discrete’’  distributed 
amplifier  in  which  an  input  transmission  line  is  formed  by 
connecting  the  gate  electrodes  of  a  senes  of  FEA-based 
tnodes  (FETRODES)  with  inductive  strips  and  the  output 
transmission  line  is  similarly  formed  by  connecting  the  an¬ 
odes.  The  device  is  considered  for  operation  in  the  frequency 
range  10-300  GHz.  The  instantaneous  bandwidth  of  the  de¬ 
vice  is  not  shown  in  the  paper.  Here,  we  consider  a  "contin¬ 
uous”  distnbuted  amplifier  formed  from  two  microstnplike 
transmission  lines  with  the  field-emitter  array  embedded  in 
the  input  transmission  line.  The  continuous  distnbuted  am¬ 
plifier  is  expected  to  have  much  broader  instantaneous  band¬ 
width  than  the  “discrete"  type.  The  possibility  of  using  the 
microstnp  lines  to  propagate  modulated  waves  in  FEA  de¬ 
vices  was  raised  by  Brodie  and  Spindt. 1 1 

In  this  paper,  we  develop  a  small-signal  theory  of  a  con¬ 
tinuously  distributed  FEA  amplifier  to  calculate  the  gain  as 
a  function  of  frequency  and  provide  a  realistic  estimate  of  the 
gain  and  the  bandwidth.  A  description  of  the  continuously- 
distributed-amplifier  configuration  is  given  m  Sec  II.  Some 
features  of  the  “cold”  circuit  such  as  the  field  structure,  the 
impedance,  and  the  loss  due  to  the  finite  conductivity  of  the 
metal  surfaces  are  obtained  in  Sec.  II  from  a  full-wave  analy¬ 
sis.  These  quantities  are  required  to  develop  a  small-signal 
theory  for  calculating  the  net  gain.  The  interaction  between 
the  beam  and  the  wave  is  treated  in  Sec.  Ill  on  the  basis  of  a 
cold  fluid  model.  The  beam  is  premodulated  in  the  input 
channel  and  the  energy  extraction  from  the  bunched  beam 
occurs  in  the  output  channel.  The  linear  growth  rate  is  calcu¬ 
lated  from  a  perturbed  dispersion  relation.  The  dependence 
of  the  net  gain  on  frequency  and  the  circuit  dimensions  is 
shown.  The  results  of  the  numerical  calculation  and  a  discus¬ 
sion  of  the  results  are  given  in  Sec.  IV  and  conclusions  are 
shown  in  Sec.  V. 
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INPUT  OUTPUT 


II.  PHYSICAL  SYSTEM 

The  FEA  distributed  amplifier  consists  of  a  multilevel 
set  of  metallizations  arranged  as  shown  in  Fig.  1.  The  upper 
section  is  the  output  circuit,  which  is  an  enclosed  microstrip- 
like  transmission  line  containing  the  screen  electrode  and  the 
electron  collector.  The  lower  section  is  a  coaxial-like  input 
microstrip  transmission  line  consisting  of  a  wedge-  type  field- 
emitter  array,  a  gate  electrode,  and  a  screen  electrode.  The 
screen  electrode  is  common  to  both  transmission  lines  and  is 
needed  primarily  to  prevent  feedback  from  the  output  line  to 
the  input  line.  The  input  rf  signal  is  applied  to  the  gate  elec¬ 
trode.  The  waves  propagate  parallel  to  the  wedge.  The  emit¬ 
ted  electrons  drift  from  the  cathode  to  the  anode  at  right 
angles  to  the  direction  of  the  wave  propagation.  The  aperture 
in  the  screen  electrode  should  be  small  enough  so  that  the  rf 
fields  in  the  two  circuits  are  not  directly  coupled.  The  input 
signal  impresses  a  current  modulation  on  the  beam  in  the 
input  circuit  and  the  modulated  current  acts  as  a  source  for 
the  rf  fields  in  the  output  circuit.  If  the  phase  velocities  in  the 
two  circuits  are  identical,  all  the  electrons  can  experience  a 
decelerating  field  as  they  move  to  the  anode  and  power  is 
extracted  from  the  beam.  The  two  phase  velocities  can  be 
matched  by  proper  dielectric  loading  of  the  circuits.  The 
continuously  distributed  amplifier  is  in  effect  a  traveling- 
wave  amplifier  where  the  electrons  drift  perpendicular  to  the 
direction  of  the  wave  propagation.  The  modulated  beam  ex¬ 
cites  waves  in  both  the  forward  and  the  backward  directions. 
Under  the  phase-matching  condition,  the  contribution  to  the 
amplitude  of  the  wave  from  each  beamlet  along  the  wedge 
adds  in  phase  in  the  forward  direction  while  the  phase  angles 
vary  from  0  to  10L  in  the  backward  direction  (/?  is  the  prop¬ 
agation  constant  and  L  is  the  interaction  length ) .  As  a  result, 
waves  grow  in  the  forward  direction  only,  and  the  ratio  of  the 
power  in  the  backward  wave  to  the  power  in  the  forward 
wave  is  given  by  (sin  0L  /0L)1.  If 0L>v,  the  power  in  the 
backward  wave  is  negligible.  Any  signal  that  travels  back¬ 
ward  and  is  not  quite  canceled  by  the  out-of-phase  additions, 
will  have  to  be  absorbed  by  reverse  termination.’ 

In  Fig  1,  d,  and  d2  are,  respectively,  the  heights  of  the 
dielectric  and  vacuum  regions  in  the  output  circuit,  la  is  the 
width  of  the  circuit,  and  2  w  is  the  width  of  the  infinitely  thin 
microstrip  line.  The  emitter  may  consist  of  a  single  wedge  or 
an  array  of  ,V£  wedges  separated  by  a  distance  A  with  the 


FIG  I  A  crou-wctionaj  view  of  the  distributed  amplifier 


axes  at  x,  =  0,  ±  A,  ±  2A . The  width  of  the  aperture  in 

the  screen  electrode  over  each  emitter  edge  is  <5.  The  aper¬ 
tures  in  the  gate  electrode  are  narrower  The  total  heights  of 
the  output  and  the  input  circuits  will  be  denoted  by 

=  <fi  +  d2  and  h,„  =  2 d,„,  respectively.  f,f0  and  f,„fa 
denote,  respectively,  the  dielectric  constants  of  the  dielectric 
regions  in  the  output  and  the  input  lines.  The  vacuum  dielec¬ 
tric  constant  is  e0  and  the  permeability  is/i0.  In  the  follow¬ 
ing,  we  will  use  a  rectangular  coordinate  system  with  the  z 
axis  parallel  to  the  wedge,  the y  axis  along  the  height,  and  the 
x  axis  along  the  width  of  the  transmission  lines.  The  origin  of 
the  coordinates  is  taken  at  the  center  of  the  screen  electrode 
aperture.  The  set  (e^.e^.e, )  denotes  the  unit  vectors  along 
(xjj)  axes. 

The  output  circuit  will  be  modeled  as  a  shielded  micros¬ 
trip  transmission  line  with  an  infinitely  thin  strip  ( anode ) .  A 
spectral  domain  analysis  was  developed  by  Itoh  and  Mitra ' 2 
to  calculate  the  dispersion  relation  of  a  lossless,  shielded  mi- 
crostrip  transmission  line.  We  use  this  theory  to  obtain  ex¬ 
plicit  expressions  for  the  field  components,  the  power  flow, 
and  the  impedance  in  the  circuit.  The  loss  due  to  the  finite 
conductivity  is  determined  from  the  rf  field  calculated  for 
perfectly  conducting  metal  surfaces.  For  the  sake  of  com¬ 
pleteness,  a  brief  derivation  of  the  unpertubed  dispersion 
equation  is  included  in  the  following.  The  hybrid  field  com¬ 
ponents  in  the  microstnp  line  can  be  expressed  as  a  superpo¬ 
sition  of  the  LSE  (TE  to>0  and  LSM  (TM  to  y)  modes. ]> 
The  LSE  and  the  LSM  modes  are  derivable  from  two  scalar 
potentials  </'*  and  t If,  respectively.  Since  we  are  considering 
only  propagating  waves  with  angular  frequency  cj  and  prop¬ 
agation  constant  /?,  a  solution  of  the  form 

=  V',(x,y)e‘i“'-ei>  (1) 

will  be  assumed.  The  electric  and  the  magnetic  fields  may  be 
expressed  in  terms  of  these  potentials  as 


E  =  +  ~  v(— )-Tx(e/l.  (2) 

if  a >  V  dy  1 

H=  -  lecoi  i//"  +  — - — V  i^-\ +  V'K(iy\l/).  (3) 

i^uj  \  dy  / 

From  Maxwell’s  equations,  it  follows  that  the  functions 
iff(xy)  and  ^(xj')  satisfy  the  two-dimensional  Helmholtz 
equations 

(Jr2+^2+*  o =°,  0  <y<d:  (4) 


(11.  11 
Wx2  dy1 
d2  <y<hov, 


+  e,kl  -  ^oj^’(xj')  =  0, 
=  d,  +  d2. 


(5) 


Here  k0  =  v/i0e0  co  is  the  free-space  propagation  constant. 

The  modes  may  be  divided  into  even  ( E,  -even -H,  -odd ) 
and  odd  (E. -odd-//, -even)  symmetries  with  respect  to  re¬ 
flection  in  the  yz  plane.  The  even  and  the  odd  modes  may 
also  be  classified  as  ( i^-odd,  i/'-even )  and  ( t/*-even,  i /■'- 
odd),  respectively.  Since  we  are  mainly  interested  in  the 
dominant  mode,  which  is  £, -even-//, -odd,  the  equations 
will  be  written  explicitly  for  these  modes  and  the  changes  for 
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the  odd  modes  will  be  indicated.  Equations  ( 3 )  and  ( 4 )  are  sol  ved  in  the  Founer-transform  domain  ( FTD)  by  taking  the  one-  1  3  9 
dimensional  Fourier  transformation  along  the  x  direction  as 


l^(xjr)  =  £  **(*.jr)sin(k.x)  = 


£  A  Jsin(k,x)sinh  T,  (A,*.  -y),  d1<y<hau) 

*  —  I 

/  £  B  Jsin(*.x)sinh  0 <y<d2 


-  £  ^(A.jOcosU.x)  = 


—  i  £  ^;cos(k.x)cosh  IMA,*,  -y),  d1<y<ha 


£  £' cos (k„x) cosh  r2jr, 


0  <</a 


where  the  tilde  represents  the  Fourier  transform  and 
k„  =  ( In  —  l)r/2 a, 

r,  =(*i  +p* -frkl)'n.  (8) 

Tj  =  (/ti  +01-kl)'n. 

r,j  may  be  real  or  imaginary.  For  imaginary  T u,  the  hy- 
perbolic  functions  in  Eqs.  ( 1 )  and  (2)  are  to  be  substituted 
with  the  corresponding  trigonometric  functions.  In  the  case 
of  odd  symmetry  modes,  cos  (A.x),  and  sin  (A.x),  respec¬ 
tively,  should  be  replaced  by  sin  (A.x)  and  —  cos  (A.x), 
where  k.  =  nv/a  including  n  =  0.  The  Fourier  transforms 
are  calculated  by  taking  the  inverse  transformations 

r  ^(x.jOsin (k.x)dx,  (9) 

a 

#(.k,j>)=  —  f"  t^(x^)cos(k.x)dx.  (10) 

a  J~, 

The  scalar  potentials  in  Eqs.  (6)  and  (7)  are  chosen  such 
that  the  tangential  components  of  E  and  the  normal  compo¬ 
nents  of  H  vanish  at  y  =  0,  y  —  A*, ,  and  x  =  ±  a.  The  coef¬ 
ficients  A  ,  A  J,  B'„ ,  and  B  \  are  expressed  in  terms  of  the 
unknown  current  components  on  the  strip  by  applying  the 
following  continuity  conditions  on  the  field  components  at 
the  interface  y  —  d2: 

Ea{x,d})  =  E„{x,d2)  (11a) 

E,2  (x,d2 )  =  £„  (x,dt ),  (11b) 

Ha  (x,d2 )  -  H„  (x,</2 )  =  -  J,  (x,d2 ),  (12a) 

Ha  (x,dt )  -  H,x  (xj, )  =  J,  (xj2 ),  ( 12b) 

where/,  (x,d2 )  and  J,  (x,d2 )  are  the  components  of  the  sur¬ 
face  current  density  on  the  microstrip  and  the  subscripts  I 
and  2  refer,  respectively,  to  the  dielectric  (d2  <y<  A^, )  and 
the  air  (0<>r<d2)  regions.  =  0  for  u><|x|<a  and 
5*0  for  0<  |x|  <w.  Substituting  Eqs.  (2),  (3),  (6),  and 
(7)  in  Eqs.  (11)  and  ( 12),  we  obtain 


...  —  =  -Z, - - - 

e,€0(j  sinh(r,d, ) 


fi,(kj  -mA.7,(A. ) 
k\  +  01 


£i£L-Z  1  4/,  (A.)  +  ikmJ,(k,) 

e0<u  'sinhfTjdj)  k\+0* 


A*  =  Zk 


b:=z„ 


1  A,7,(k, )  —  #7,  (A.) 

sinh(r,d, )  k\+02 

1  kmJ,(k„)  —i0j,(k„) 


sinh(r2dj ) 


k\  +0* 


where  Z,  and  Z*  are  the  impedances  defined  by 

z,  =  z^/(?;  +  ?;>,  ( 

zk =Zo/(?r +?}),  ( 

^ilcothfr.d,).  ?J  =-^-coth(r2d2), 

*0  *0 


y\  =~-coth(rl«/1).  y\  =-^-coth(r2d2), 
r,  r2 

(15b) 

Z(,  =  Jhq/c o  (vacuum  impedance).  (16) 

In  Eqs.  (I3a)-(13d),  J ;,(A. )  and  J,  (A.)  are  the  Fourier 
transforms  of  Jt(x,w)  and  J,(x,u>)  according  to  Eqs  (9) 
and  (10),  respectively.  Finally,  two  additional  boundary 
conditions  are  required  on  the  strip. 

£jJ(x,dI)=  0,  |x|<u>  (17a) 

E^  (x,d2 )  =  0,  |x|<u>.  (17b) 

For  u>  <  |x|  <  a,  Ea  (x,d2 )  and  £u  (xM2 )  have  nonzero  val¬ 
ues  that  are  yet  to  be  determined.  As  before,  we  apply  Eqs. 
(17)  in  the  Fourier-transform  domain.  On  substitution  of 
Eqs.  (2),  (6),  (7),  and  (13)  in  Eqs.  (16)  and  (17),  we 
obtain  the  following  two  coupled  equations  relating  the  four 
unknown  variables,  £,,  and  £,, 


(i:  mym 


where  £,  (A. )  and  £,(A. ),  respectively,  are  the  Founer 
transforms  of  E,  ( x,d2 )  and  E,  (xM2 )  given  by  Eqs.  ( 9 )  and 
( 10)  The  elements  Zv  (A, )  are  defined  by 
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Z=(*„)  = 


elz,-k\zk 
ki+02 
k\Z,  —  02Z„ 


Z“a*)=_H — 7T1'  (20) 

k,  +  P 

■7  t  L  \  -7  1  t,  \  P^.(Z,  +  Z„) 

Zu  (k„)  —  Zu  (km)  —  j  ~ j  •  (21) 

It  is  to  be  noted  that  the  two  pairs  of  functions  J,  {x,d1 ), 
J,  (x,d, )  and  E,  (x,d2 ),  E,  (x,d2 )  are  nonzero  in  compli¬ 
mentary  regions  of  the  domain  —  a  <x<a.  This  special 
property  of  the  functions  is  used  in  the  method  of  moments 
to  eliminate  two  of  the  unknown  functions,  {Ex ,  E, }  by  us¬ 
ing  Galerkin's12  approach  in  the  Fourier-transform  domain. 
For  this  purpose  we  expand  Jt  (x,d2 )  and  Jz  (x,d2 )  in  a  suit¬ 
able  set  of  basis  functions.  For  the  even  modes, 

r  M 

,,  J,  X  when  0<|x|  <w 

J:(x,d,  )=  (22) 

0  when  w<\x\  <a 


V.m(x)  = 


,  ,  ,  .  X  when  0  <  |x|  <w 

U,  (x.d, )  =  (23) 

0  when  w<\x\  <a 

where  basis  functions14  chosen  are 

*  ,  _  cos[(m  -  l)irx/w] 

l-X  11 ‘l’  '  ‘  ’ 

v..w  -  rrTT?!1..!  <2S> 

,  [1  -  (x/w)2] 

Each  senes  expansion  in  Eqs.  ( 22 )  and  (23 )  is  truncated  to  a 
finite  number  of  terms  and  the  integer  values  of  M  and  S  are 
selected  to  be  large  enough  to  achieve  the  desired  accuracy. 
From  Eqs.  (6)-(  10),  the  Fourier  transforms  \,m  ( k, )  and 
V„,(k,)  of  the  basis  functions  in  Eqs.  ( 24 )  and  ( 25 )  may  be 
written  as 

£~.(*. )  =7^  [Jo (kmU)~  (m  -  1 ) jt) 

2a 

+  J0(k,w+  (m  —  Dir)],  (26) 

Vrmik,)  =^-  [J0(k,u>  -  mir)  -  J0(k,w  +  mir)].  (27) 

2 a  1 

In  Eqs.  (26)  and  (27),  70(u)  is  the  Bessel  function  of  the 
first  kind  and  order  zero.  Substituting  Eq.  (26)  in  Eq.  (22) 
and  Eq.  (27)  in  Eq.  (23),  the  Fourier  transforms  of  the 
components  of  the  strip  current  becomes,  for  even  modes, 

-/,(*„)  =  X  aml^ik,), 

*  m  J 

tJ,(k,)  =  £  cmr)m{k.).  (28) 

m  •  I 

The  corresponding  expressions  for  the  odd  modes  shown  in 
Appendix  A.  After  substituting  Eq  (28)  in  Eq.  (18),  we 
take  inner  products  with  the  basis  functions  |^(k. )  and 
i^(k,)  for  all  p  and  obtain  the  matrix  equation 

X  G?a-  +  x  G"c-  =0'  P=  1.2,-jV 


P=  i,2 . v 

w*  *  I  m  —  1 

(29b) 

where  the  elements  Gv  are  given  by 

G?=  X  Zulk,)$,m(k,)£"(k').  (30a) 

£  Z-(k„)i,„(k.)l,lkm),  (30b) 

GZ=  X  (*.)£„  (*„)*?„(*.).  (30c) 

GZ=  X  <*->*..  <*.)*»(*.>■  (30d) 

The  set  of  equations  ( 29 )  are  solved  for  the  propagation 
constant  0  by  setting  its  (M  +  AO  X  (M  +  ,V)  determinant 
equal  to  zero.  On  substituting  0  in  the  set  of  equations  ( 29 ) , 

ail  coefficients  am  (m  =  2 . M)  and  cm  (m  =  1 . .V)  can 

be  determined  in  terms  of  a,  by  using  M  +  N  —  1  equations 

from  the  set.  The  only  unknown  quantity,  a, ,  is  to  be  calcu¬ 
lated  from  the  power  in  the  transmission  line. 

1 1  is  useful  to  show  explicitly  the  expressions  for  E  and  H 
in  terms  of  a,  since  the  field  components  will  be  repeatedly 
used  to  calculate  various  characteristics  of  the  wave  propa¬ 
gation  such  as  power  flow,  conductor  losses,  and  growth  due 
to  the  interaction  with  an  electron  beam.  According  to  Eq 
( 1 ),  all  rf  field  variables  for  propagating  waves  are  assumed 
to  be  of  the  form 

E(W/)]  =  JEUjO) 

H(x,yj,i)l  IH(jij')  J 

The  equations  for  E(xj)  and  B(xj')  HU.y)  are  de¬ 
rived  in  Appendix  A  and  are  given  by 

E,(x,y)  =  £  Q yx’sin(k.x )stnh( Tyy; ), 

n  «  1 

B,  (xjO  =  —  f  *£cos(k„.x)cosh(r,.y, ), 

c  „ .  i 

E,(x,y)  =  -  £  Q^cos(k,x)cosh(r/yJ), 

*  *  I 

B,(x,y)=—  jr  /?  ^’sinfk.xlsinhir^  ),  (31) 

C  ft  a  I 

E,(x,y)  =  -/£  (?i,;cos(k,,x)sinh(r>/), 

m  m  I 

B,(x,y)  =  -  f  R'£sin(kmx)cosb(riyJ), 

c „ .  i 

where  as  before  the  index  j  =  1,2  is  for  the  dielectric  and  the 
air  regions,  respectively,  and  the  variables  y:  are 
y,  =  h -  y<  y2  =  y  The  coefficients  Q  ^  and  R  %  are  giv¬ 
en  by  Eqs.  ( A3)-(  A9)  in  the  Appendix. 

The  average  power  in  the  circuit  propagating  along  the  z 
axis  can  be  calculated  by  using  Eq.  (31)  in  the  Poynting 
theorem: 
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—  jkcj  t  aH#  ttcx  tzy  —  a*qJ  »  Ak^  h  ^  P im f  m  )»  ( 32 ) 

where  we  have  defined  a  current  /„  =  a,  A  in  amperes  and  A  is  a  normalizing  length,  which  for  convenience  may  be  chosen  as 
h  =  hM .  The  dimensionless  quantities  Pt ’s  are 

£  Y'  4-  /* 

+  2(aL  -  oi, )Z,Z*  LlLLiLL.  ,  (33) 

p 


where 

a„=k'/(k\+01)'n.  a„=0/(k\+0i)'/7, 
the  normalized  impedance  Zt„  =  Z,  */Zq  and 

=  coth_I>,  - 1 -  2  (34) 

r,4  sinhJrydy 

The  normalized  Fourier  transforms  ?„  and  /„  of  the  strip 
current  distributions  are  given  in  the  Appendix  [  Eqs.  ( A 1 ) 
and  ( A2 )  ] .  By  integration  of  Eq.  ( 22a )  over  the  width  of  the 
strip,  the  total  strip  current  in  the  z  direction  is  found  to  be 

i,  (z,r)  =  (j^  J,  lx  A  )dxy-  *' 

=  f  (  I  omJ0(mir  -  ir) je"*" - 

where  am  —  am/a, .  The  time  averaged  current  ILM, 
lit-  —  jRe(/,/*) 

u?  m 

"  m  m  I 

V 

X  ^  amam  J0{rnv  -  ir)J0(m’ir  -  ir).  (35) 


The  characteristic  impedance  of  the  transmission  line,  Z„, 
can  be  calculated  by  using  Eqs.  (31 )-( 34)  in  the  relation 

Z.  =/>..//!...  (36) 

The  attenuation  constant  for  the  propagating  electro¬ 
magnetic  waves  due  to  the  finite  conductivity  of  the  metal 
enclosure  and  the  strip  line  can  be  evaluated  from 
a  =  PL/1P„,  where  PL  is  the  power  loss  per  unit  length 
along  the  z  direction.  PL  can  be  easily  calculated  from  the 
standard  definition 


9c=J  N-M/. 


where  e.  is  a  unit  vector  normal  to  the  surface  and  N  is  the 
Poynting  vector 

N  =  iRe(EMxHl,)  =  -!-|HUB|Je..  (38) 

loo% 

Here  a  is  the  conductivity  and  <5,  =  ( 2/fi0oo) 1/7  is  the  skin 
depth.  After  substituting  in  Eqs.  (37)  and  (38)  the  appro¬ 
priate  values  of  H^,  from  Eq.  (31)  for  the  surfaces  at 
y  =  O^fj  ,h^  and  at  x  =  ±  a  and  performing  the  line  inte¬ 
grals,  we  get 


a  £  /'ril(iriS'i1  +  iriS'i1)  .  ri,(mi>|J  + IOT) 


=  k’sinh2^-, 


kisinhJr.,d 


p.) 


ft  »  •  I  f  -  i  \  4c0 


+  IiiE£LCoth(r,1d,  >coih(r,1rf1)(rii,7’ii,  +  r 

k\ 


-  "  7  (*,-*.) 
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^^-cothcr^^jcochcr^^Hr^r^’  -  r'j’r'J') 


-^^-cothtr.,^  )coth(r„</t  )(T<”T“'  -  T'"r"))™{k’\k-z)w . 
kg  /  (k,+k„)w 


f  ( T  T  L  T'llTlA 

(  coth( r,2d2 )  +  coth(  r.jtfj ) ' 

H  ~  "A  <r,2  +  r„2)<f2 

-eothfr**,  A] 

~  "A  (r^-r 

\(t  t  i  -riD-rdil 

,  JY 

/  coth(  r,t  d,  +  coth(  r„  d, )  \ 

[lr"r"+  *}  r"r'J 

{  (r„+r  mt)d,  ) 

(t  t  Ei£*  rn^n.U^fa^iJ-cotfatr.^n 
ki  “  "A  (r„  - r.jj,  I' 


The  dependence  of  the  quantities  T,  and  T2  on  the  spectra]  index  n  is  explicitly  shown  in  the  equa.iv.ns  above. 

We  also  need  the  rf  held  components  in  the  input  circuit  to  calculate  the  premoduiation  of  the  beam.  We  assume  that  the 
input  line  is  a  completely  symmetric  coaxial-like  microstrip  transmission  line.  The  held  components  in  this  case  can  be 
obtained  from  the  results  derived  so  far  replacing  e,e0  and  f0  by  f f0 ,  and  d,  and  d2  by  dm  in  all  the  equations.  For  the 
completely  symmetric  microstnp  line,  the  lowest-order  mode  is  TEM  in  character,  where  Et  —  H,  =  0  and  Ex,  Er,Hx,  and 
H,  are  nonzero.  Following  the  notation  used  for  the  output  line,  Ex  and  Ef  for  the  input  line  may  be  written  as 


«  fsinh  r>. 

E.(xy)  =  \  y„sinic,xXj  .  .  ,  . 

•r.  Isinh  r(y  +  2d„), 

»  fcosh  ry, 

Er(xy)  =  -  y  q  cos  k,xx\ 

im\  r  [cosh  ro>  +  2d„ 


-  d, „  <>><0, 

-  ld,n  <y<  -  d,„, 

-  ^,n  <>-<0, 

),  -  2d,„  <y<  -d, 


(40) 

(41) 


with  similar  expressions  for  Bx  and  Bf  To  satisfy  Maxwell's  equations,  it  is  required  that  V  =  km  and  qnx  =  qny.  This  leads  to 
the  dispersion  relation  E-  ft^kg  for  the  TEM  mode  propagation  in  the  inpv*  line.  As  in  the  case  of  the  output  line,  qmx  and 
are  determined  by  the  stnp  current  on  the  input  line. 

III.  SMALL-SIGNAL  THEORY 

The  dispersion  relation  derived  in  the  preceding  section  is  modified  in  the  presence  of  an  electron  beam.  Under  the 
tenuous-beam  approximation,  we  assume  that  the  transverse  variations  of  the  fields  determined  by  T,  remain  unchanged  but 
that  the  propagation  constant^  can  become  complex.  Within  the  framework  of  the  linear  theory,  any  quantity  6  (x,yj,:)  is 
expanded  into 

i(x \yj,t)  =  <b0(xju)  +  d,  (x,y)e'<“"flI’,  (42) 

where  60  is  the  equilibrium  value  and  <t>,  is  the  small  perturbation.  The  starting  point  for  the  development  in  this  section  is 
Maxwell’s  equation 

(J^  +  ~  +  ^°e(j')ryJ-^s)El(Jt^)  =  (43) 

wherej,  is  the  ac  current  density.  Substitute  the  FTD  representation  [Eq.  ( 3 1 )  J  of  the  field  components  in  Eq.  (43),  multiply 
both  sides  of  the  equation  by  EfU,)'),  and  integrate  over  the  cross  section  of  the  output  transmission  line.  Then  we  obtain 


Zllls,  J-^Jo 

where  the  normalization  constant  Nc  is  given  by 
N,  =  ~yjj-  j**  E,(x,y)  E?(xj)dxdy 


(44) 


*  1 


ad, 


1 


h1  sinh'r.d. 


ad. 


2r 

1 _ f  *  o  ~ 2  /.  s*nh  2T ,  d,\ 

2r2d2  In  A  2r }d,  ) 


h J  sinh 


+  1*1. 


( 


sinh  2r2d} 

2  r2d, 


')]) 


(45) 
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The  quantities  Ku,  K,r,  and  are  defined  in  the  Appendix  in  Eqs.  (A9)-(A11).  The  unperturbed  propagation 
constant  is  denoted  by 

A,  =  (kl+  n  -*i),/2  =  lc,kl  +  rj  -k\)in. 

The  small-signal  assumption  leads  to  the  beam-current  density 

j,  -  -a,e»0-«0^..  (A6) 

where  n  =  n0  +  n,  is  the  electron  density  and  r  =  v0  +  «  the  velocity  of  an  electron.  The  mass  and  the  magnitude  of  the 
charge  of  an  electron  are  denoted  by  m  and  e,  respectively.  It  is  assumed  that  the  screen  electrode  and  the  anode  are  held  at  the 
same  dc  potential  ( V)  with  respect  to  the  cathode  (emitter).  In  the  equilibrium  state,  the  electrons  drift  with  a  constant 
velocity  v0  =  vQir  in  the  region  0<.y<d2 .  If  the  electrons  are  accelerated  from  zero  initial  velocity,  theno0  =  (leV/m)'^  in 
the  nonrelati vistic  limit.  The  current  density  j ,  is  calculated  from  a  fluid  model  using  the  linearized  Loren  tz  equations  and  the 
current  continuity  equation 

dv,t  at  e(£|j,  do\ t  .  co  ^(^i/  —  &o^im  1 

- hi  —  t»u  - >  ~Z — t" '  —  - - * 

dy  Vq  my0u0  dy  v0  ™roDo 

d°i,  .  .  0)  eE\,  &n\  n°  w..  tAI'i 

— - hi  —  »,.  = - - — .  ~r—  +  ' —  «i - v  Ti >  ' 

dy  v0  m  iiv0  dy  Oo  vo 

where  y0  =  ( 1  -  V&/C*)  "  1/7  is  the  relativistic  factor.  The  ac  current  density  in  the  output  circuit  is  the  sum  of  two  contribu¬ 
tions  J,  =  j*  +  jf ,  where  jf  arises  from  the  premodulation  of  the  beam  in  the  input  circuit  and  jf  is  the  current  modulation 
produced  by  the  field  in  the  output  circuit  In  the  region  0  <y  <  rf2 ,  jf  is  the  particular  solution  of  the  set  of  equations  (47) 
obtained  with  the  rf  field  components  given  by  Eq.  (31)  and  jf  is  the  homogeneous  solution  that  satisfies  the  boundary 
condition  j*  (y  =  0),  which  is  the  premodulation  current  reaching  that  point 

The  premodulation  current  in  the  input  line  (  -  hw  <x  <0)  is  obtained  by  solving  equations  (47)  with  the  fields  [Eqs. 
(40)  and  (41 )  ]  appropriate  for  the  input  line,  and  the  solution  should  satisfy  the  Fowler-Nordheim15  relation  at  the  emitter 
surface.  For  a  given  tip  radius  and  a  grid-cathode  separation,  the  grid  voltage  has  to  be  adjusted  to  produce  the  required  dc 
field  at  the  emission  surface  consistent  with  the  Fowler-Nordheim  relation.  The  dc  electric  field  in  the  grid-cathode  region  is 
very  nonumiform.  In  this  region,  Eq.  (47)  is  solved  approximately  by  replacing  u0  (z)  with  its  average  value  u01 . 

The  solution  of  the  set  of  first-order  equations  (47)  is  standard  and  after  lengthy  algebra,  we  obtain  in  the  region 
0<y<d1  ( x ,  -  S/2  <x<x,  +  S/2,  where x,  =  0.  ±  A,  ±  2A,...) 

—  I  -^^^((?!j’(<usinh  T2.y  + /T2o0  cosh  r2>0  +  —  £  £’(r2i>0sinh  IV  -  iw  cosh  I»), 
mr„  i  to1  +  Hus  V  e  • 


«o 


J  i.UjO  - - X  — — ZTJ 

my0  .Ti  a2+  TjuJ 


r,^  +  /T,u0cosh  T2^)  +  y  A  £’(r2i>0sinh  IV -«u  cosh  IV)  j, 

(48) 


X  (IV0coshrV-uusinhIV)  +  —  ft  ^’(tucosh  r2jM- iTj^sinh  T^)) 


|  y  rt)Q, 

my0  .Ti  to1  +  rJuJ, 


f„sin(*.jr)e' 


j :„(*jo  =  f  — Clj’{(ivcsinh  — iiwcosh  rv> 

/ny©  *•  1  w  +  ijiij  ‘ 

+  ff  I  -  —  —)  r^osinh  rv  +  ,{§  +  -ilil-^cosh  r  J] 

ki  +  r\  [\  c2  a>2  +  rwJ  W  wJ  +  ry0/  JJ 


+  y  k(0)  2  +  -^- +  \cos(k.x)e- (50) 

,-  \  r  V  Eo)  Eo  mri  <0'  +  r1^,  J 

where  £ '  =  (u  -  E0du/dE>  )£,  £  =  3(2em<t>7ftJ)1/7,  andyo(0)  =  n0evQ  is  the  magnitude  of  the  dc  current  density  at  y  =  0. 
Here  <t>  ( in  volts )  is  the  work  function  of  the  emitter,  £0  is  the  magnitude  of  the  dc  electric  field  at  the  emitter  surface,  and  ft  is 
Planck's  constant  divided  by  2 it.  If  we  assume  that  the  beam  width  increases  from  6,  to  S  during  the  transit  in  the  nonuniform 
field  between  the  emitter  and  the  gate,  then y„  (0)  is  related  to  the  Fowler-Nordheim  current15  by  the  equation 

-  :  ^E0  _ 

*‘°’  =  7""*7IPv5'  ' 

where*  w=0.95  -  e£0/4irf0<I>Jandr=  1.1.  For  a  cylindrical^  shaped  wedge-emitter  tip,  S,  =  «7I0/2,  where  R0  is  the  radius 
of  the  tip. 

The  last  terms  in  Eq.  (49)  and  in  Eq.  ( 50)  show  the  effect  of  premodulation  of  the  beam  in  the  input  line.  The  amplifica¬ 
tion  of  the  waves  in  the  output  circuit  is  caused  mainly  by  these  terms  in  the  current  density.  All  other  terms  in  Eqs.  (48 )-( 50) 
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represent  self-modulation  effects  in  the  output  line,  and  these  terms  make  a  small  contribution  to  the  growth  of  the  waves.  The 
factor y0  (0)(2  +  §'/E0 )( l/£0 )  =  dj^/dE^  appearing  in  the  last  term  of  Eq.  (50)  is  proportional  to  the  transconductance 
usually  defined  for  a  triode  element.  The  output  power  in  a  tnode  is  calculated  from  thts  term  only  in  the  ac  current  density 
is  negligible  in  the  dominant  mode  of  the  microstrip  line,  and  consequently  ju  is  very  small  compared  to  j[p.  and  jiM .  The 
perturbed  dispersion  relation  may  be  obtained  by  substituting  Eq.  (31)  and  Eqs.  (48)-(50)  in  Eq.  (44).  We  also  set 
•}.,  —  C assuming  that  Er(x,0  +)=£,, (jr.O  —  )  for  x,  —  S/2  <x<x,  +  S/2.  Thus  the  complex  propagation  constant  is 
given  by 


00  0  2 Yoh  lNe,  ,1,  (v  +  u*  (g:p  G*'+  g'pG''  )  +  ^ u>0  ^ 


(52) 


where  v  —  .\En0e1d2S/e0mc2  =  N^/e^mc1  (\0  —  n0d2S  is  the  number  of  electrons  per  unit  length  in  the  axial  direction) 
and 
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sinh  r^d2 sinh  Vp2 
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shT^N 

r  ,id2  /’ 

) 


B 

The  quantities  K,p  and  T,2P  are  given  by  Eqs.  (A9)- 
( A 14)  in  the  Appendix.  The  dielectric  response  of  the  beam 
to  the  wave  fields  modifies  the  phase  velocity  of  the  transmis¬ 
sion  line  modes  to  v ^  =  <y/R e  0  and  the  growth  (or  decay ) 
of  the  wave  in  decibels  per  unit  length  is  8.686  Im  0.  In  our 
£  convention,  Im  0  >  0  signifies  growth  and  attenuation  oc¬ 
curs  if  Im  0  <  0  The  complex  propagation  constant  is  nu¬ 
merically  calculated  from  Eq.  (52)  in  the  next  section.  A 
random-phase  approximation  may  be  made  in  Eq  (52)  to 


I - - - - 

retain  only  the  terms  with  n  =  p  noting  the  limiting  values  of 
the  following  geometrical  factors: 

Xm%  =  1.  **  =  *,* 

[see  Eq.(34)  J,  and 

1  sm(,Vf*„A)  sin(Ar„<5) 

O  „„  =  1  + - . 

iVe  sin(*„A)  kmS 

Numerical  calculations  show  that  the  results  from  the  ran- 
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dom-phasc  approximation  differ  by  only  10%  from  those 
obtained  with  Eq.  (52) 

IV.  RESULTS  ANO  DISCUSSION 

The  numerical  calculations  are  performed  by  truncating 
the  infinite  sum  in  the  spectral  decomposition  [  Eqs.  ( 6 )  and 
(7)]  to  a  finite  number  n ^  and  the  number  of  basis  func¬ 
tions  for  the  expansion  of  the  x  and  z  components  of  the  strip 
current  { Eqs.  ( 22 )  and  ( 23 )  ]  are  truncated  to  .V  and  M, 
respectively.  Calculations  show  that  the  choice  =  100, 
.V  =  3.  and  N  =  3  yields  an  accuracy  of  1  part  in  10*  The 
propagation  characteristics  of  a  “cold"  microstrip  transmis¬ 
sion  line  have  been  widely  investigated  and  an  excellent  re¬ 
view  on  this  subject  can  be  found  in  the  monograph  by 
Gupta,  Garg,  and  Bahl.1*  A  large  number  of  parameters 
such  as  dx ,  d2,  a,  w,  e,  etc.,  are  required  to  characterize  the 
operation  of  the  circuit.  Here  we  discuss  the  effects  of  the 
variation  of  a  few  of  these  parameters  of  concern  to  us.  Fig¬ 
ure  2  shows  the  impedance  Z„  and  the  circuit  losses  (due  to 
the  finite  conductivity  of  the  metal  electrodes  and  walls )  in 
the  output  circuit  as  functions  of  its  total  height 
(^om  =  i  +  d2 )  for  a  fixed  ratio  of  d,  /d1 .  For  a  given  h, 
the  electric  field  in  the  air  region  (0  <y  <  d2 )  is  enhanced  as 
dx/d2  is  increased.  We  choose  a  value  dx/d2  =  2.5  so  that 
the  field  in  the  interaction  region  is  high  without  d2  being  too 
small.  The  loss  and  the  impedance  are  calculated  at  /=  20 
GHz  for  two  values  of  e,  to  show  the  dependence  of  these 
quantities  on  the  dielectric  constant.  Other  parameters  are 
listed  in  the  figure.  The  loss  increases  very  rapidly  for 
<  50  pm  and  is  - 1  dB/cm  or  less  for  h^,  >  70  pm.  The 
loss  also  increases  with  the  increase  of  er.  The  impedance  of 
the  circuit,  however,  increases  with  increase  in  h^,  and  de¬ 
crease  in  For  h^,  in  the  range  of  70  to  100 pm,  the  imped¬ 
ance  is  approximately  55  H  with  f,  =  4.0  and  36  ft  with 
e,  =  9.0.  The  phase  velocity,  of  course,  decreases  with  the 


HO  2.  Lou  in  the  circuit  (joljd  curve)  and  the  characteristic  impedance 
Z.  (dashed  curve)  of  the  output  transnusstoo  I  me  are  plotted  as  functions 
of  »  d  ♦  d,  for  lied  d,  /d,  «  2  3  for  two  different  values  of  *,  «  4  0 
and  9  0  at  a  frequency  /»  20  GHz.  The  ocher  circuit  parameters  are 
2a  *  100  um,  Iw  =  40|im.  d,  =  30  nm,  and  d,  »  20  pm 


increase  in  The  two  dielectric  constants  are  chosen  to 
cover  the  range  of  values  of  the  commonly  used  insulators 
such  as  SiO:  and  AI2  O, .  The  impedance  and  the  circuit  loss 
for  the  input  transmission  line  are  plotted  in  Fig.  3  as  func¬ 
tions  of  hM  =  2 dM  for  =  2.17  and  4.13.  A  smaller  e  is 
required  for  this  circuit  to  match  the  phase  velocities  in  the 
input  and  the  output  lines.  In  the  input  line,  the  loss  shows  a 
steep  rise  for  hm  <  12  /im.  It  is  clear  from  Figs.  2  and  3  that 
the  transmission  lines  should  be  designed  with  >  60  /im 
and  dM  >  8  pm  to  maintain  low  losses  and  reasonable  imped¬ 
ance.  As  a  consequence,  the  fabrication  of  a  wedge  emitter 
taller  than  8  fit n  is  necessary. 

Since  the  amplification  of  the  waves  depends  on  a  large 
number  of  beam  and  circuit  parameters,  the  calculations  will 
be  performed  keeping  some  of  the  parameters  constant.  We 
choose  2  w  =  40ptn,  <5  =  4  pm,  2 a  =  100  pm,  and  2 dm  =  16 
pm.  Gain  will  be  calculated  for  different  beam  voltage  and 
current,  two  values  of  €,  =  4.0  and  9.0,  and  two  values  of 
dx  =  50  and  75  pm.  with  dx  /d2  =  2.5.  Hence  d2  =  20  and 
30  pm,  respectively,  for  the  two  cases.  The  dielectric  con¬ 
stant  fm  is  chosen  to  be  equal  to  the  effective  dielectric  con¬ 
stant  of  the  output  line  for  phase  matching.  The  dispersion 
characteristics  of  the  output  circuit  are  shown  in  Fig.  4 
where  the  phase  velocity  v ^  and  the  impedance  Ztt  are  plot¬ 
ted  as  functions  of  frequency  for  two  different  values  of  h. 
The  transmission  line  is  essentially  dispersionless  in  the  fre¬ 
quency  range  20-100  GHz  of  interest.  The  impedance 
increases  and  the  phase  velocity  decreases  as  the  height 
of  the  circuit  is  increased. 

The  variation  of  the  linear  growth  rate  of  the  waves  with 
frequency  is  shown  in  Fig.  5  for  different  beam  voltages  V. 
As  mentioned  before,  we  assume  that  the  screen  and  the 
anode  are  at  the  same  dc  potential.  In  this  figure  we  use 
f,  =  4,  and  the  total  dc  beam  current  from  the  emitter  array 
consisting  of  seven  wedges  {SE  =  7)  is  70  =  15  A/cm  along 
the  wedges.  The  separation  between  the  wedges  is  A  =  5  pm. 

If  the  width  of  the  beam  at  the  emitter  surface  is  taken  as 
<5,  =:  nR0/ 2,  the  current  density  at  the  emitter  tip  becomes 
1.36x  10*  A/cm J  for /I0  =  100  A.  According  to  the  Fowler- 


FIG  3  Loss  in  the  circuit  ( solid  curve)  and  ibe  impedance  (das  bed  curve) 
of  the  input  trmnsmissioa  line  are  shown  as  functions  of  hm  *=  si  20 
GHz  with  (,  »  2.17  and  4  13  and  la  »  100  >im,  2u>  =  40  /id 
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FIG  4(a)  Impedance  and  (b)  phase  velocity  »„  of  the  output  circuit  as 
functions  of  frequency  for  two  values  of  .  Solid  curves  are  d,  »  SO  >im 
and  d,  »  20  >im.  and  dashed  curves  are  d,  «7S^mandd,  =»  30/im  Also, 
la  m  100/iin.  2w  »  40/itn.  and  t,  =.  4.0. 


Nordheim  relation,  E0  =  5.22  x  107  V/cm  for  emission 
from  a  metal  (e.g..  Mo)  with  work  function  <t>  =  4.35  V 
while  =  1.55  X  107  for  <t>  =  2.0  V  as  in  LaB*.  The  transit 
time  of  the  electrons  increases  as  the  voltage  is  lowered  and 
the  gain  increases  with  a  corresponding  decrease  in  the  band¬ 
width.  The  maximum  electronic  gain  drops  from  8.6  dB/cm 
at  y  =  60  V  to  4.7  dB/cm  at  V  =  100  V  while  the  frequency 
of  maximum  gain  increases  from  50  to  80  GHz.  The  attenu¬ 
ation  of  the  waves  due  to  the  finite  conductivity  is  also  shown 
in  the  figure.  A  net  gain  in  the  range  3-7  dB/cm  is  expected 


FIG  5  Electronic  gam  vs  frequency  for  different  beam  voltage  with  total 
/,  =  15  A/cm  in  an  array  with  \t  »  7.  t.  «  4  0.  and  »  2  1 7  The  cir¬ 
cuit  parameters  arerf,  =  50 *im,  d.  »  20  pm.  la  *  100  ^m.  2u  =  40 aim. 
&  »  5^m,  a  *  birm.  and  h,  =  Ibjim  The  circuit  loss  in  the  output  circuit 
is  shown  by  the  dashed  curve 
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FIG.  6.  Electronic  gain  vs  frequency  at  different  values  of  Nt  for  a  total 
current  /„  »  1 5  A/ca  and  V  -  60  V.  Ail  other  parameters  are  the  same  at 
in  Fig.  S. 


as  V  is  decreased  from  100  to  60  V.  The  effective  dielectric 
constant,  =  (c/t^)2,  of  the  output  circuit  is  approxi¬ 
mately  2. 1 7  and  this  value  has  to  be  chosen  for  tm .  The  calcu¬ 
lations  were  done  with  a  grid  voltage  V,  of  50  V.  If  we  as¬ 
sume  that  the  field  gradient  near  the  tip  is  the  same  as  would 
be  obtained  from  an  isolated  cylinder,  then  the  distance,  Rt , 
of  the  grid  from  the  center  of  curvature  of  the  tip  can  be 
estimated  from  the  relation  Vt  =  E0R0ln(Rt/R0 ).  Thus 
R,  —0.026 ^im  when  <t>  =  4.35  V  but  increases  to  R,  =:0.28 
pm  with  a  reduction  of  the  work  function  to  about  2.0  V. 

The  variation  of  the  growth  rate  with  the  number  of 
edges  Ne  in  the  emitter  array  placed  along  the  x  axis  is 
shown  in  Fig.  6.  The  total  emitted  current  in  each  case  is 
taken  as  1 5  A/cm  along  the  edge  and  the  separation  between 
the  edges  is  5  pm.  The  growth  rate  and  the  bandwidth  de¬ 
crease  by  a  small  amount  as  is  increased.  The  rf  field 
intensity  slowly  decreases  towards  the  edges  of  the  strip  line, 
and  the  current  density  in  the  high-field  region  increases  as 
Nt  decreases,  leading  to  higher  gain.  In  the  following  calcu¬ 
lations  we  choose  =  7,  which  provides  high  gain  with  a 
reasonable  current  in  each  wedge. 

We  next  show  the  dependence  of  the  gain  on  other  cir¬ 
cuit  parameters.  The  gain  in  a  circuit  with  a  higher  dielectric 
constant  of  tr  =  9  is  shown  in  Fig.  7  where  all  other  param¬ 
eters  are  the  same  as  in  Fig.  5.  The  effective  dielectric  con¬ 
stant  of  the  output  line  in  this  case  is  =  4  17  and  f.  is 
adjusted  accordingly.  The  gain  decreases  with  increase  in  er 
since  the  field  in  the  interaction  region  is  weakened.  The 
frequency  band  of  amplification  is  shifted  upwards.  The 
maximum  electronic  gain  at  F=  60  V  is  5.6  dB/cm  at  a 
frequency  of  60  GHz.  The  circuit  also  becomes  more  lossy  at 
higher  values  of  the  dielectric  constant.  Therefore  the  net 
gain  in  the  circuit  is  much  higher  at  lower  values  of  the  di¬ 
electric  constant. 

The  variation  of  the  gain  with  the  beam  current  is  dis¬ 
played  in  Fig.  8  where  the  gain  is  plotted  as  a  function  of 
frequency  for  different  values  of  the  beam  current  f0.  The 
beam  voltage  is  60  V.  =  4.0,  (,m  =  2.17,  d,  =  50  pm,  and 
d:  =  20pm  The  maximum  electronic  gain  increases  rapidly 
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from  about  2.5  dB/cm  at  I0  =  5  A/cm  to  8.6  dB/cm  at 
/0  =  1 5  A/cm.  The  frequency  of  maximum  gain  slowly 
shifts  downward  from  65  to  55  GHz.  The  grid  voltage 
changed  from  46  to  50  V  as  the  current  at  each  wedge  in¬ 
creased  from  0.7 1  to  2. 14  A/cm.  In  Fig.  9,  we  show  the  gain 
for  a  circuit  with  increased  height.  The  parameters  for  this 
figure  are  the  same  as  in  Fig.  8  except  d,  =  75  /im,  d,  =  30 
fxm,  and  (m  =2.31  to  match  of  the  output  circuit.  The 
gain  decreases  as  d,  and  d2  increases  due  to  the  reduction  of 
the  field  amplitude  in  the  circuit.  The  loss  also  decreases 
slightly  with  the  increase  in  height  of  the  circuit,  but  the  net 
gain  is  lower  than  that  shown  in  Fig.  9.  We  have  also  investi¬ 
gated  the  variation  of  the  net  gam  with  the  width  la  of  the 
circuit.  For  the  parameters  used  in  Fig.  9,  the  optimum  gain 
occurs  for  2u~  100  /im. 

The  theory  is  developed  for  the  configuration  in  which 
the  screen  and  the  anode  are  connected  to  have  equal  dc 
potential  and  a  single  microstiip  is  embedded  in  the  circuit. 
These  are  not  inherent  limitations  of  the  theory.  The  theory 
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FIG  I.  Electronic  gun  *1  Frequency  for  different  beam  current  at  a  beam 
voltage  of  40  V  All  other  parameters  are  the  tame  as  ui  Fig.  5  The  dashed 
curve  a  leas  as  s  function  of  frequency 
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can  be  easily  be  extended  to  include  multiple  microstnps  in 
the  circuit  and  a  dc  potential  between  the  screen  electrode 
and  the  anode. 


V.  CONCLUSIONS 

A  linear  theory  has  been  developed  to  calculate  the 
small-signal  gain  in  a  distributed  amplifier  composed  of  two 
microstriplike  transmission  lines  with  a  wedge-shaped  field 
emitter  embedded  in  the  input  circuit.  The  theory  will  be 
useful  to  determine  the  beam  and  the  circuit  parameters  re¬ 
quired  for  the  successful  operation  of  the  device.  The  calcu¬ 
lations  show  that  the  height  of  the  circuit  should  lie  in  the 
range  80-1 20  pm.  The  loss  due  to  the  finite  conductivity  of 
the  metal  walls  and  the  strip  line  in  the  circuit  is  very  high  if 
the  height  is  less  than  80  fim.  whereas  the  electronic  gain  is 
low  if  the  height  increases  above  1 20  um.  Similar  consider¬ 
ations  also  show  that  the  relative  dielectric  constant  e,  of  the 
substrate  in  the  output  line  should  be  less  than  9.0;  other¬ 
wise,  the  electronic  gain  is  poor  and  the  circuit  loss  is  high. 
The  calculated  gain  decreases  as  the  voltage  is  increased  or 
the  current  is  decreased.  A  net  gain  of  about  7  dB/cm  is 
predicted  with  the  proper  choice  of  the  circuit  and  the  beam 
parameters.  This  gain  is  obtained  with  a  voltage  of  60  V  and  a 
total  current  of  1 5  A/cm  in  a  seven-wedge  emitter  array.  The 
rapid  improvement  in  the  fabrication  of  FEAs  and  the  per¬ 
formance  shown  by  current  Spindt17  cathodes  suggest  the 
possibility  of  achieving  such  a  high  current.  The  current  in 
each  wedge  may  be  further  reduced  by  using  multiple  sets  of 
a  strip-line-emitter  array  combination  instead  of  a  single  set. 
Initial  calculations  show  that  the  gain  decreases  only  by  a 
small  amount  in  a  circuit  with  multiple  strip  lines.  The  fre¬ 
quency  for  the  maximum  gain  can  be  varied  between  50  and 
80  GHz  by  tuning  the  anode  voltage  from  60  to  100  V.  The 
small-signal  instantaneous  bandwidth  at  the  3-dB  level  is 
approximately  60%.  The  heating  of  the  anode  due  to  the 
impact  of  the  electron  beam  is  a  problem  for  this  type  of 
device.  Improved  cooling  techniques  and  the  use  of  a  dielec¬ 
tric  substrate  with  high  thermal  conductivity  will  be  re¬ 
quired  to  alleviate  this  problem. 
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APPENDIX 

For  convenience,  the  coefficients  Q  and  R  in  Eq. 
( 3 1 )  for  the  field  components  in  the  output  transmission  line 
are  derived  in  this  appendix.  The  index  i  =  1,2  refers  to  the 
dielectric  and  the  air  regions,  respectively.  From  Eqs.  (25) 
and  (27),  the  Fourier  transforms  of  the  strip  current  for  the 
even  modes  are  found  to  be 


■7,(0  =  ~r~  7„,  =  X  5-  [J0{k.w-mir+  v) 

h  h  I  la 


+  J0(k,w  +  mir  —  v)  ], 

(Al) 

ij,  (O  =-t-7„  =-^-  X  [M^.w  - 

*  n  m  m  i  2m 

mrr) 

-J0(k,w  +  mrr)  ], 

(A2) 

where  7„  and  J„  are  the  normalized  strip  current  distnbu- 

tions,  / „  =  a,  A,  am  =  a„/a, ,  and  cm  =  cm/a , 

As  men- 

tioned  before  in  Eq.  (32),  the  normalizing  length  h  may  con¬ 
veniently  be  taken  as  h  =  O, .  The  potentials  if  and  if  may 
be  written  in  terms  of  the  normalized  current  distributions 
from  Eqs.  (6),  (7),  (13).  (AI).  and  ( A2).  On  substituting 
the  resulting  expressions  of  if  and  if  in  Eqs.  (6)  and  (7),  we 

/■»  1 1 1  I*  1  v- 

h  sinhry,  ’ 

(A3) 

O'"  -  {  1  *o/r<  K 

h  sinh  T ,d, 

( A4) 

O'"  —  1  y 

h  sinh  T,d, 

( A5) 

and 

R'"-(  1)'  ZoLcr‘  1  T'", 

h  co  sinhr.d, 

( A6) 

o(,l  Zof*  1  J. 

h  sinhT  ,d,  *'■ 

( A7) 

D  III  _  /  1  \i  1  T-UI 

A  *'  '  U  l  .  r  y  1  «’ 

h  co  sinh  r,a, 

(A8) 

where 

a„,  -z„(*„)7„  +z..(*.)7... 

( A9) 

.  ,,  ,_n  +k\- 0i.,+kj,. 
nim)  k\+0>z'  T0  ’ 

(AIO) 

A..  =Z^(A.)7„  +Zu(k,)i,', 

(All) 

and 

r:.  =  z;;'(*.)7„  +  z-(*.)7„. 

( AI2) 

„  ,,  .  H  +A-  _  kj„  -0~l, 
T.Ak„)  =  — - —  Z» - 


k\+02  K 

r^  =  zu’(*.)7.,  +  z^(*.)7„ 


( A14) 


In  Eqs.  (A9)-(A14),  we  define  the  following  normal¬ 
ized  impedances:  Z,„  =  Z,*/Zo  where  Z,„  are  given  in 
Eqs.  ( 14a)  and  ( 14b)  an dZw  =  Z„/Z0  with  Z„  from  Eqs. 
(10)-(21).  Also, 


Z ■,','(*.)  =  p-Z.  +  0;Z,,  )/(*?,  +  0:), 
Z'"{km)  =  {0:‘<-pZi r  +*;Z.j/(*;  +0:),  (A 
Z'"{k.)  =  Z'"{k.)=0kn  ^2r-Z^/(*i  +0: 


( A 1 5 ) 

16) 


(A17) 


where  ko,  =  ve7*o  k0i  =  O  Similar  expressions  hold 
for  the  odd  modes  except  7„  and  7„  are  calculated  from  the 
following  basis  functions  chosen  for  this  symmetry: 


sin  f  ( m  —  1 )  rrx/w  1 

r*"U)=  [\-(x/w)2r*  ■ 

cosf  (m  -  j)irx/u>l 

[  1  —  (x/w)l\'n 

The  Fourier  transforms  of  these  functions  are 


( A18) 
( A19) 


i—(*.)  =—  [Joft.w-  (m-l)ir) 

2a 

~J0(k.w+(m-  })rr)],  (A20) 

Vomtk.)  =  ~  [J0(k,w- 

+  J0(k.w+(m-\)ir)}.  ( A21 ) 

Thus  for  odd  modes 

7„  =  X  7„  =  £  )• 

-  I  m  —  1 

(A22) 

As  mentioned  before,  A.  =  nrr/a  for  the  odd  modes,  and  the 
field  components  are  obtained  from  Eq.  (30)  replacing 
cos (A„x)  with  sin(k.x)  and  sin(A.x)  with  —  cos(k,x). 
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Electromagnetic  properties  of  a  field  emission  distributed  amplifier 


Purobi  M.  Phillips',  Sidney  T.  Smith  and  Henry  F.  Gray. 

Naval  Research  Laboratory,  Washington  D  C.,  U.S.A.  *  Science  Applications  Inter¬ 
national  Corporation,  Mclean,  Va,  U.S.A. 

ABSTRACT:  The  basic  idea  and  the  design  parameters  of  a  fully  Distributed  Field 
Emitter  Amplifier  are  described. 

1.  INTRODUCTION 

The  performance  of  many  microwave  and  millmeter-wave  devices  can  be  improved 
significantly  by  using  field-emitting  arrays.  The  high-current  density  and  low  transit 
time  of  field  emitter  arrays  make  possible  high-frequency,  high-power  triodes.  better 
density-modulated  Idystrodes.  small  and  wide-band  TWT's  and  wide-band,  high- 
frequency,  high-power,  compact  (magnet-less),  radiation-hard  distributed  amplifiers 
The  idea  of  Distributed  Amplification  was  first  proposed  by  W.  S.  Percival  in  1936* 
and  the  name  “Distributed  Amplifier"  was  due  to  Ginzton  et  o/.J  The  present  paper 
describes  a  continuously  distributed  amplifier  using  field  emitters. 

2.  CONFIGURATION  AND  BASIC  MECHANISM 

The  FEDA  (Field  Emission  Distributed  Amplifier)  consists  of  two  physically  bonded, 
but  electrically  independent,  parallel  microstrip- like  transmission  lines,  one  lying  par¬ 
allel  to  and  directly  over,  the  other  (figure  1). 


Figure  1.  Field  Emitter  Distributed  Amplifier 
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Figure  2.  Basic  Mechanism  of  a  FEDA 
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The  input  line  contains  the  wedge-like  field  emitters.  A  “grounded-grid"  or  "grounded 
-gate"  tnode  distributed  amplifier  is  not  practical  because  the  input  signal  must  drive 
the  cathode  against  the  anode  current,  and  this  results  in  an  excessive  load  1 1  /gm ) 
in  the  input  circuit,  where  gm  is  the  transconductance.  Therefore.  a  tetrode  type 
of  distributed  amplifier  design  has  been  chosen.  The  screen- grid  is  AC  grounded  to 
shield  the  input  from  capacitively  coupling  to  the  output  and  thus  avoid  feedback 
oscillation.  The  width  of  the  first  grid  is  chosen  to  be  smaller  than  the  screen  grid  to 
minimize  the  capacitance  between  this  and  the  cathode  base. 

The  applied  input  signal  produces  a  travelling- wave  density- modulated  signal  that 
induces  a  similar  amplified  density-modulated  signal  on  the  output  transmission  line. 
Figure  2  demonstrates  this  mechanism  in  an  exaggerated  form.  The  input  signal  is 
applied  at  one  end  of  the  input  transmission  line,  and  the  other  end  is  terminated 
in  a  non-reflecting  resistive  load.  The  output  transmission  line  serves  as  the  electron 
collector  and/or  anode.  This  type  of  FED  A  requires  that  the  phase  velocity  in  the 
input  and  the  output  transmission  lines  to  be  identical  because  the  induced  output 
travelling  wave  must  be  phase- matched  with  the  input  travelling  wave.  This  phase- 
match  is  proposed  to  achieve  by  dielectrically  loading  the  output  line.  Thus,  the 
output  line  contains  the  anode,  a  layer  of  dielectric  and  a  grounded  heat  sink.  The 
output  and  input  transmission  lines  were  modelled  macroscopically  to  determine  the 
degree  of  match  The  next  section  contains  the  results  of  these  modellings  as  well  as 
other  design  parameters. 

3.  CIRCUIT  DESIGN 

Four  different  output  line  structures  were  tested.  Figure  3  shows  the  different  dimen¬ 
sions  of  these  structures.  The  dielectric  used  was  stycast  with  a  dielectric  constant 
of  9  to  simulate  BeO  or  AI2O3. 
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Figure  3  Modelling  of  Output  Line. 
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Figure  4  (a,  b,  c,  and  d)  shows  the  results  of  these  preliminary  tests  along  with 
theoretical  values.  The  theoretical  points  were  obtained  from  a  2-dimensional  code  for 
microstrip  line  that  uses  the  full- wave  analysis.  It  is  to  be  noted  that  in  a  microstrip 
line  the  lowest  order  mode  is  the  TMo  which  has  a  zero  frequency  cutoff.  The  next 
higher  order  mode  is  a  TE  mode  with  a  divergence  frequency  /e,  below  which  it 
cannot  exist  (figure  5  J).  This  divergence  fequency  fcTE  is  alculated  for  all  four 
structures  tested  and  it  can  be  seen  that  the  agreement  between  the  experimental 
points  and  the  theory  is  quite  good  below  this  frequency  as  the  theory  does  not 
include  this  TE  mode.  It  is  concluded  from  these  tests  that  it  is  possible  to  slow  the 
phase  velocity  in  the  output  line  sufficiently  by  dielectric  loading  to  match  the  phase 
velocity  of  the  dielectrically- loaded  input  line. 


trvrnm icy  (§Hi>  'r»«u«*cy  («H*) 
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Figure  4.  Dispersion  in  Output  Line. 
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Figure  5.  0  —  u>  Diagram  for  Microatrip 
and  Surface  Wave  Modes. 

To  find  the  parametric  dependence  of  output-Iine-impedance  and  the  phase  velocity, 
the  simple,  quasi-static  microstrip  line  theory  was  used.  Figure  6  shows  the  results. 
The  critical  parameter  for  the  loss  in  the  output  line  appear*  to  be  the  air( vacuum) 
gap.  The  loss  increases  as  the  gap  decreases,  so  the  loss  was  calculated  for  a  small 
value  of  tins  gap  (5^im)  as  a  function  of  frequency  by  again  treating  the  output  fine 
as  a  microstrip  line  (Figure  7). 

The  input  line  was  modelled  (Figure  8a)  to  find  the  dispersion  characteristics.  Figure 
8b  shows  the  result.  In  order  to  find  the  loss  in  the  input  line  it  was  treated  as  a 
covered  stripline,  and  Figure  9  shows  that  for  high  frequency  operation  (50  GHz)  and 
with  all  other  parameters  fixed,  the  cathode  has  to  be  tall  (8jim). 
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Figure  8.  Modelling  of  Input  Line. 
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Figure  9.  Input  Line  Loss. 
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Field  Emission  Triodes 
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Aburaa— Triode  RF  amplifier  structures  using  field  emission  cath¬ 
odes  have  been  investigated  from  both  the  theoretical  and  experimental 
viewpoint.  This  paper  describes  the  physically  targe  experimental 
structure  which  has  been  used  and  the  theoretical  calculations  on  that 
structure.  The  agreement  between  theory  and  experiment  for  both  dc 
and  ac  measurements  is  shown  to  be  very  good.  The  theoretical  circuit 
modeling  has  produced  information  which  will  be  useful  in  future  work 
for  higher  frequency  operation.  RF  voltage  gain  of  about  1 1  dB  has 
been  measured  at  low  frequencies,  dropping  lo  0  dB  at  200  kHz,  with 
a  cathode  which  had  only  38-pS  transcooductance.  Model  calculations 
on  the  large  structure  used  show  operation  to  about  2  MHz  with  more 
typical  transcooductance  of  380  nS  for  a  1000-cone  field  emission  cath¬ 
ode. 


I.  Introduction 

THREE-terminal  amplifying  devices  have  had  only  two 
landmark  improvements  since  early  vacuum  tubes— the  mid 
1950  s  when  germanium  and  silicon  bipolar  transistors  were  de¬ 
veloped.  creating  an  order  of  magnitude  of  high-frequency  ex¬ 
tension  and  the  mid  1970's  when  gallium  arsenide  FET's  were 
developed  creating  another  order  of  magnitude  of  high-fre¬ 
quency  extension  to  50  GHz.  and  leading  into  the  current  era 
of  planar  monolithic  microwave  and  millimeter-wave  circuits 
on  gallium  arsenide  Currently,  new  material  systems  and 
shorter  gates  have  pushed  FET  technology  upward  by  another 
factor  of  two  in  frequency  It  is  not  expected,  however,  that 
much  further  extension  with  useful  power  and  gain  will  be 
achieved,  e  g.,  the  best  solid-state  three-terminal  device  avail¬ 
able  today  for  power  and  efficiency  is  the  pseudomorphic  HEMT 
|11  The  approximate  simultaneous  upper  limits  for  these  de¬ 
vices  include  frequency  of  94  GHz.  output  power  of  50  mW. 
and  efficiency  of  20%.  with  3  dB  of  power  gain 

Two  major  technology  areas  contribute  now  to  the  prospect 
of  another  order  of  magnitude  of  high-frequency  extension  for 
three-terminal  amplifying  devices.  These  two  areas  are  submi- 
crometer  fabrication  capability  and  the  field-emission  array  fab¬ 
rication  demonstrated  by  several  different  groups  of  researchers 
including  SRJ  International  |2]  The  advantages  of  a  field- 
emitter-based  three-terminal  device  also  include  radiation  hard¬ 
ness  and  small  transit  time.  The  intnnsic  high-frequency  limit 
of  any  multiterminal  device  depends  on  several  different  factors 
including  transit  time,  interelectrode  capacitances,  transcon¬ 
ductance.  and  input  and  output  resistances  By  innovative  de¬ 
vice  design  the  solid-state  community  has  been  able  to  approach 
the  transit-time  limit  for  both  bipolar  and  field-effect  transistors. 
That  is.  they  have  been  able  to  create  extremely  small  and  in- 

Manuxcnpi  received  July  26.  1990.  revised  October  I.  1990  This  work 
was  partially  funded  by  the  Office  of  Naval  Technology  The  review  of  this 
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Washington.  DC  20375-5000 
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C  A  Spindt  is  with  SRI  International  Menlo  Part.  CA  94025 
IEEE  Log  Number  9041422 


94  cm 


FIELD-EMISSION  ST»l  CT\*I 


2.75" 

Fig  1  Tesi  arrangement  of  NRL  field-emission  mode  using  SRI  cathode 


genious  structures  which  prevent  the  other  parameters  from  set¬ 
ting  the  upper  frequency  limit  These  improvements  came 
slowly  in  bipolar  transistors,  taking  about  ten  years  to  gel  from 
the  audio  range  to  the  lower  microwave  range,  they  came  faster 
for  FET's  Assuming  that  such  structures  can  also  be  found  for 
field-emission-based  microtnodes.  it  is  fair  ai  this  time  to  use 
transit  time  as  the  eventual  frequency  limitation  for  them  As 
mentioned  before,  for  a  fteld-emission-based  microtnode.  the 
transit-hme-limited  frequency  is  quite  high  For  an  accelerating 
voltage  (  V  )  of  300  V.  if  the  electron  traveling  distance  i  /  i  is 
20  (im.  and  if  the  initial  velocity  is  assumed  to  be  zero  rhen  the 
transa  time  ( where  the  transit  angle  is  2t  i  t  =  2/  i  5  9?  * 
lO-'vl'l  seconds  and  the  transit-timc-limiied  frequency,  given 
by  /  =  1  '  r.  is  around  260  GHz.  Therefore,  there  is  no  need  to 
be  concerned  about  transit-time  effects  until  performance  to  a; 
least  a  tenth  of  the  transit-time-limited  frequency.  26  GHz  or 
so.  is  reached.  At  this  high-frequency  range,  an  optimization 
has  to  be  found  between  the  device  size  and  its  power  disvipa- 
tion  capability. 

In  this  paper  we  discuss  the  results  from  testing  a  number  of 
NRL-constructed  field-emitter-based  modes  using  SRl-made 
cathodes.  The  results  include  /-k' characteristics.  transconduct 
ance.  and  voltage  gain  as  a  function  of  frequency  A  circuit- 
type  model  is  also  developed  using  the  measured  values  of  in¬ 
trinsic  and  parasitic  elements,  that  agrees  very  well  with  the 
experimental  results 

II.  NRL  Field  Emission  Triode  Structures 

Fig  1  shows  the  basic  structure  of  the  current  experimental 
form  of  the  NRL  field  emission  mode  using  SRI  cathodes  The 
field  emission  cathode,  made  at  SRI  (so  far  we  have  used  only 
1000-cone  arrays)  is  250  nm  in  diameter  and  sits  on  top  of  a 
standard  T05  header.  The  header  is  spot-welded  to  a  10-pin 
Vartan  instrumentation  feedthrough,  along  with  a  cylindrical 
nickel  anode  of  0  8  cm  in  diameier.  3  in  in  length,  above  tlic 
anode  is  a  metallic  repeller  The  anode  is  cleaned  by  vacuum 
firing  at  10'  T  pressure  and  it  is  about  3  to  4  mm  away  trom 
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the  SRI  cathode-gate  structure  The  cathode-gate  assembly  is 
a  standard  SRI  sample  made  out  of  molybdenum  pyramidal  tips, 
about  1  /im  high  The  gate  radius  is  about  0  55  nm  and  the  tips 
are  6  |im  apart.  The  whole  assembly  is  put  into  a  vacuum  cham¬ 
ber  and  baked  at  about  450°C  and  the  ultimate  pressure  that  we 
routinely  achieve  is  about  1-2  x  10  *  T  Fig.  2  gives  the  cir¬ 
cuit  assembly  used  to  test  this  structure.  This  circuit  is  a  slightly 
modified  form  of  the  one  used  at  SRI 

III.  Current-Voltage  Characteristics 

Fig  3(a)  and  (b)  shows  the  characteristics  of  collector  current 
as  a  function  of  collector  voltage  for  a  number  of  gate  voltages, 
commonly  known  as  plate  or  anode  characteristics  Fig  4  shows 
the  mutual  or  transfer  characteristics  which  give  the  variation 
of  collector  current  as  a  function  of  gate  voltage  with  collector 
voltage  as  a  parameter  The  data  for  these  figures  were  obtained 
from  a  sample  designated  as  405 A  The  name  is  given  by  SRI 
which  indicates  the  process  number  and  the  dimensions  of  the 
arrays.  All  these  graphs  show  strong  resemblance  to  pentode 
characteristics,  which  we  believe  is  due  to  the  remoteness  of 
the  anode  (4  mm  away  from  the  gate-cathode  assembly  ).  Data 
for  Fi£  3Tb)  were  obtained  for  two  relatively  low  voltages  to 
ensure  that  the  total  current  does  not  exceed  10  jiA.  so  that 
when  collector  current  approaches  zero,  the  gate  can  absorb  the 
total  emission  current  without  damage.  This  figure  indicates  that 
the  anode  has  to  be  about  15  V  above  the  gate  (in  our  circuit, 
the  gate  is  at  zero  potential)  in  order  to  collect  all  the  emitted 
electrons  Fig  5  shows  the  current- voltage  characteristics  of 
the  sample  392A.  Both  405A  and  392A  consist  of  1000  cones, 

6  pm  apart,  but  392A.  after  one  day’s  operation,  started  to  show1 
an  appreciable  amount  of  gate  current  In  Fig  5  we  plotted  this 
gate  current  as  well  as  collector  current  as  functions  of  gate 
voltage  The  three  sets  of  data  points  were  taken  on  three  dif¬ 
ferent  days  The  circles  correspond  to  the  first  day.  the  stars 
and  the  triangles  correspond  to  the  second  and  the  third  days, 
respectively  This  figure  indicates  how  the  performance  dete¬ 
riorated  with  time  li  also  shows  the  mostly  linear  nature  of  gate 
current  which  indicates  that  it  is  probably  leakage  current  Al¬ 
though  one  of  the  points  in  the  first  day  ’s  set  of  data  points 
suggests  some  kind  of  field  emission  (Fowler-Nordheim)  char¬ 
acteristics  of  the  gate  current,  we  think  that  this  isolated  data 
point  probably  is  not  reliable  enough  to  draw  any  conclusion, 
since  the  other  two  sets  of  data  points  do  not  show  this  trend  at 
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fif  .1  lai  Plait  characteristics  of  the  sample  40?A  ibi  Plait  character 
isncs  of  the  sample  40?  A 
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F,t  4  Transfer  characteristics  of  the  sample  405A 
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Fig  5  i-y  characteristics  of  the  sample  392  A  for  V,  *  300  V 

all  From  Figs  3  and  4  we  can  also  conclude  (hat  the  output 
resistance  (or  plate  resistance)  of  the  device 


is  nearly  infinite. 

Fig.  6(a)  and  (b)  presents  Fowler-Nordheim  plots  for  the  two 
samples  cited  above.  For  the  sample  392A,  the  three  lines  again 
correspond  to  data  taken  on  three  different  days  The  circles  are 
first  day  's  data,  the  stars  and  the  triangles  are  second  and  third 
days',  respectively  Using  the  Fowler-Nordheim  equation 

K  =  avy"'  ‘ 

the  two  constants  a  and  b  can  be  found  from  these  graphs  and 
hence  the  transconductance 
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Fig  6  la)  Fowler-Nordheim  plot  of  the  sample  4054  ibi  Fowler- 
Nordheim  plot  of  the  sample  392  4 


using  the  discrete  data  points  of  I,  and  Vf.  Fig  7  is  a  plot  of 
transconductance  of  the  sample  405A  The  solid  curves  are  least 
square  error  fit  to  the  measured  data  points.  The  data  for  Vt  = 
162.5  V  (triangles)  were  taken  after  two  voltage  dips  in  the 
power  line.  At  the  same  time  the  capacitor  of  the  ion  pump 
started  to  fail.  As  a  result  of  these  disturbances  the  cathode 
started  to  die  too.  We  believe  these  are  the  reasons  for  the  scat¬ 
tered  data  points  on  the  top  part  of  the  graph  Although  we  pre¬ 
sented  these  scattered  data  along  with  other  more  uniform  sets, 
the  scattered  data  do  not  represent  the  normal  behav  tor  of  the 
cathodes 
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can  be  obtained  too  Transconductance  can  also  be  measured  by 


IV.  Voltage  Gain  versus  Frequency 

Voltage  gam  of  an  amplifier  can  be  defined  as  the  ratio  of 
output  voltage  across  a  load  resistor  to  the  voltage  across  the 
input  terminals  Fig  2  shows  the  schematic  of  the  test  circuit 
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Fig  7.  Measured  iransconductance  of  the  sample  405 A  using  gm  = 

A/,/A»V 


Fig.  8  Model  used  in  Touchstone  to  And  voltage  gain  versus  frequency 


The  signal  to  be  amplified  was  applied  to  the  gate  and  the  am¬ 
plified  signal  was  measured  across  a  100-kQ  resistor  RL  at  the 
output.  A  few  0  05-fiF  capacitors  were  used  for  the  purpose  of 
dc  blocking  and  ac  bypassing.  The  interelectrode  capacitances 
were  measured  before  and  after  the  sample  was  installed  in  the 
chamber  to  establish  which  capacitances  were  truly  "interelec- 
trode"  and  which  ones  were  directly  to  ground.  Fig.  8  shows 
the  circuit  used  in  the  program  Touchstone  to  find  a  theoretical 
model  for  the  measured  voltage  gain  for  the  sample  392a.  The 
resistance  and  the  inductance  of  a  single  cone,  made  of  molyb¬ 
denum,  and  having  the  approximate  shape  shown  in  Fig.  1 ,  were 
calculated  to  be  I  0  and  0.1  pH.  in  series  with  each  other.  For 
the  1000-cone  array  the  cones  are  all  in  parallel  and  the  resis¬ 
tance  and  the  inductance  values  are  then  of  the  order  of  0  001 
Q  and  0.0001  pH.  respectively  These  values  of  resistance  and 
inductance  from  cathode  to  ground  are  not  significant  at  low 
frequencies  such  as  a  few  megahertz,  they  are  shown  here  for 
completeness.  For  this  particular  sample  the  voltage  gain 
dropped  to  0  dB  at  220  kHz,  but  this  is  the  sample  where  the 
gate-leakage  current  was  appreciable  and  the  collector  current 
was  unusually  low  Hence  the  transconductance  at  Vf  =  140  V 
was  only  38  Fig  9  shows  the  experimental  points  of  voltage 
gain  as  a  function  of  frequency  along  with  the  theoretical  curve 
obtained  from  Touchstone.  Fig  9  also  shows  a  dashed  curve 
which  was  obtained  from  Touchstone  using  the  same  interelec¬ 
trode  capacitances  and  the  same  infinite  output  resistance  Rp  but 
the  iransconductance  used  was  380  nS  which  is  more  typical  of 
a  good  working  cathode.  For  the  dashed  curve,  the  frequency 
at  which  the  voltage  gain  dropped  to  0  dB  is  about  2  MHz. 

The  frequency  at  which  the  voltage  gain  is  3  dB  less  than  the 
low-frequency  plateau  gain  can  be  related  to  the  R  and  C  values 
of  a  single  RC  network  as  follows:  |  Vc(  f )  |  =  0  707  =  -3 
dB  =  magnitude  of  the  voltage  gam  at  frequency  /,  where  f  = 

I /2*RC.  provided  the  rollofT  is  being  caused  predominantly  by 
a  single  RC  network.  Frequency /is  in  hertz.  R  is  in  ohms,  and 
C  is  in  farads  In  the  case  presented  here,  because  the  input  (the 
gate)  was  driven  with  a  low-impedance  source  ( 50  Q ).  the  input 
capacitance  to  ground  is  not  important  and  does  not  contribute 
at  all  to  the  gain  rolloff  Therefore,  for  this  case,  the  so-called 
figure  of  merit /r  *  8-/(  )  has  no  importance 

whatsoever  The  frequency  at  which  short-circuit  current  gain 
drops  to  unity  (3)  is  called  fr,  but  power  gain  can  exist  to  much 
higher  frequency  |4|  Reference  |4j  shows  how  the  fre- 
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Fig  9  Voliage  gain  versus  frequency 

quency  at  which  the  power  gain  drops  to  unity,  is  related  io  all 
of  the  equivalent  circuit  parameters  in  a  more  complicated  man¬ 
ner.  In  our  experiment,  the  voltage  gain  rolloff  is  being  caused 
by  the  output  network,  consisting  of  the  infinite  output  resis¬ 
tance  of  the  tube  driving  the  load  resistance  shunted  by  the  total 
capacitance  from  anode  to  ground,  where  the  near  infinite  ac 
output  resistance  is  equal  to  the  reciprocal  of  the  near-zero  slope 
of  the  /r-Fr  curve  at  the  bias  point  (see  Fig  3)  Indeed,  for  the 
example  of  Fig.  8.  for  RL  =  100  kfl.  and  C4BoJc  =  29  pF. 
\Vc(f)]  =  0.707  =  -3  dB  when  /  =  1/(2*  x  100  x  10' Q 
x  29  x  10  ,:  F)  *  55  kHz  This  agrees  almost  perfectly  with 
the  measured  results  (dots)  given  in  Fig  9  The  7  pF  from  an¬ 
ode  to  gate  is  included  in  the  29  pF  because  the  much  larger 
1 10  pF  from  gate  to  ground  effectively  grounds  it  The  output 
rolloff  frequency  would  be  higher  if  the  mode  output  resistance 
could  be  reduced.  Notice  also  that  the  input  rolloff  frequency 
would  be.  for  R  =  50  0  and  C  *  1 10  pF.  /,„  *  1  <  2 »  *  50  0 
x  1 10  x  10* F )  =  29  MHz  From  this  it  is  ob\  ious  that  the 
input  circuit  is  not  controlling  the  performance  of  the  amplifier 
described  here,  but  it  also  shows  that  the  input  circuit  would 
limit  at  fairly  low  frequency  even  if  the  output  circuit  limita¬ 
tions  were  corrected 


V  Discussion 

The  feasibility  of  an  RF  tnode  using  an  SRI  field-emi>'ion 
cathode  has  been  shown  and  both  dc  and  ac  measurements  have 
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been  made  The  major  significance  of  the  work  to  date  is  in  the 
development  of  the  circuit  model  for  a  field-emission  mode, 
which  is  not  the  same  as  that  for  a  mode  using  space-charge- 
iimited  operation  The  work  presented  here  shows  that  all  the 
significant  circuit  model  parameters  can  be  readily  calculated  or 
measured,  and  that  the  measured  ac  gain  agrees  well  with  that 
calculated  from  the  circuit  model.  This  means  that  if  a  micro- 
wave  structure  can  be  formulated  whose  circuit  can  be  fairly 
accurately  modeled,  the  modeled  results  can  be  trusted.  This  is 
the  basis  of  our  future  work 

Preliminary  calculations  on  future  structures  indicate  that  or¬ 
ders  of  magnitude  increase  in  transconductance  (more  cones 
and/or  more  current  per  tip)  can  be  used  so  long  as  the  largest 
lateral  dimension  of  the  cathode  does  not  exceed  a  quarter  of  a 
wavelength  at  the  desired  operating  frequency,  thereby  pre¬ 
venting  nonuniform  RF  field  across  the  structure  At  10  GHz, 
for  instance,  a  quarter  wavelength  in  a  matenal  with  dielectnc 
constant  3 .84  ( SiO: ).  such  as  might  be  used  in  part  of  the  struc¬ 
ture.  is  about  4000  ntn  A  square  cathode  about  3000  nm  on  a 
side  could  be  used  at  10  GHz  and  if  cone  spacing  is  6  Mm.  then 
250  000  cones  could  theoretically  be  used.  The  gate-to-cathode 
capacitance  needs  to  be  reduced:  selective  interconnect  metal¬ 
lization  to  small  metal  circles  above  each  cone,  rather  than  full 
metal  coverage  of  the  gate,  is  one  improvement  fairly  easy  to 
make.  All  unnecessary  metal  and  dielectnc  can  be  eliminated 
■n  future  designs  integrating  device  and  circuit. 

Reducing  the  mode  output  resistance  increases  the  output 
rolloff  frequency  dramatically.  Just  changing  it  from  near  infin¬ 
ity  down  to  1 00  kfl  doubles  the  rolloff  frequency  for  the  circuit 
of  Fig.  8;  reducing  it  to  I  kQ  increases  the  rolloff  frequency  a 
thousand  times.  Placing  the  anode  close  enough  to  the  cathode 
can  create  noninfinite  output  resistance  by  making  the  anode 
voltage  have  some  effect  on  the  anode  current,  remembering 
that  the  ac  output  resistance  is  the  reciprocal  of  the  anode  l-V 
curve  slope  This  procedure  will  increase  the  capacitance  be¬ 
tween  the  anode  and  the  gate  but  an  optimum  distance  in  this 
regard  can  be  reached 

Further  improvements  might  come  from  the  addition  of  a  sep¬ 
arate  RF  input  gnd  between  anode  and  the  one  now  used  to  dc 
bias  the  cones  to  field  emission.  With  a  separate  RF  gnd.  ad¬ 
ditional  degrees  of  design  freedom  can  be  created,  but  more 
importantly,  space-charge-limited  operation  may  be  possible. 
Tnodes  of  this  kind  in  space-charge-limited  operation  already 
operate  to  at  least  3  GHz  |5),  and  microtnodes  could  probably 
go  to  much  higher  frequency.  It  is  not  possible  to  extrapolate 
with  certainty  to  millimeter-wave  frequency  operation,  but  there 
are  reasonable  steps  to  be  taken  now  to  reach  the  microwave 
range,  and  there  will  be  new  ideas  to  come 
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